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Preface (introduction or plan of the whole 
thesis) 
 
This 90-credit thesis is submitted in partial fulfilment of the requirement for the Master of 
Osteopathy degree at Unitec Institute of Technology. 
 
The following thesis is divided into three sections as: 
1. The literature review, with emphasis on 
 Introduction to low back pain with its classification, prevalence, costs and 
effects, aetiology, challenges in the diagnosis and treatment, and behavioural 
and motor control models 
 Pain adaptations in the context of models of pain and flexion-relaxation 
phenomenon. 
 Role of hamstrings in LBP and hamstring flexion-relaxation phenomenon 
2. A manuscript in the format specified for submission to the Journal of 
Electromyography and Kinesiology, exploring the flexion-relaxation phenomenon in 
experimental low back pain. 
3. Appendices including ethics approval, participant information sheets, consent forms, 
questionnaires, additional results information, and the guidelines for authors to the 
Journal of Electromyography and Kinesiology. 
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Definition of low back pain 
Low back pain (LBP) is commonly described as pain, soreness, discomfort, muscle tension, 
or stiffness localized between the lower margin of the posterior rib cage and inferior gluteal 
folds, with or without referred leg pain (Burton et al., 2006; Chou, 2011; NICE, 2009).  More 
specifically, LBP may be described as “pain experienced anywhere in the region confined 
superiorly by an imaginary line passing through the tip of the spinous process of the twelfth 
thoracic vertebra, inferiorly by an imaginary transverse line passing through the tip of the 
first sacral spinous process, and laterally by the vertical lines outside the lateral borders of the 
lumbar erector spinae (ES) muscles” (Pantelides, 2009). 
Classification of low back pain 
In the past, researchers attempted to classify LBP based on its intensity, duration or illness 
behaviour of the affected individuals (Verhaak, Kerssens, Dekker, Sorbi, & Bensing, 1998).  
Currently LBP is ordinarily classified into acute, sub-acute, and chronic types based on the 
duration since its onset.  Acute LBP is described as LBP lasting less than 6 weeks after its 
onset, sub-acute as pain lasting from 6 to 12 weeks after its onset, and chronic LBP as pain 
lasting more than 12 weeks after its onset (Burton et al., 2006).  Alternatively, chronic LBP is 
also described as pain lasting beyond the expected time of tissue healing (Verhaak et al., 
1998) which can vary from one to six months depending on the pain condition. 
Prevalence of low back pain 
LBP is a very common symptom (Hoy, Brooks, Blyth, & Buchbinder, 2010) and has been 
identified as one of the primary reasons the population seeks medical consultations for 
(Ehrlich, 2003).  Previous research found that there were differences in the prevalence of 
LBP between the low-income and high-income countries and between the rural and urban 
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populations.  Until two decades ago, LBP was thought to be a problem limited to the western 
and high-income countries due to urbanization and rapid industrialization (Volinn, 1997).  
However researchers in the last two decades have identified LBP as a major emerging health 
problem in the low- and middle-income countries also such as Tibet, China, Africa, and India 
(Damian Hoy, Toole, Morgan, & Morgan, 2003; Jin, Sorock, & Courtney, 2004; Louw, 
Morris, & Grimmer-Somers, 2007; Ory, Rahman, Katagade, Shukla, & Burdorf, 1997).  
Many reasons for the global rise in the prevalence of LBP have been postulated which 
include changes in age composition, increase in smoking, increase in obesity, changes in 
psychosocial and physical work demands, increase in depression prevalence, increased 
symptom awareness and reporting, increase in the selective migration, unemployment, and 
medicalisation of LBP (Freburger et al., 2009).  However the postulated reasons cannot 
explain all the cases of LBP.  Surprisingly, the prevalence of chronic LBP seems to be 
increasing despite technological advances for the diagnosis as well as after introduction of 
multiple treatment interventions (Dagenais, Caro, & Haldeman, 2008). 
There have been many studies performed on the prevalence of LBP and a wide variation in its 
occurrence has been noted.  Previous research has indicated that the occurrence for back pain 
in the general population ranges between 15 and 65% over one year and 50 and 85% over 
lifetime (G. B. Andersson, 1999).  The wide variation of the prevalence rates of LBP in 
different studies may be attributed to various factors such as the lack of clear definition of 
LBP, poor recall, and incomplete responses from the participants (Manek & MacGregor, 
2005); differences in the gender, ethnicity, and age (G. B. Andersson, 1999); and 
methodological variations between the studies and nature and extent of measures taken to 
minimize bias (D. Hoy et al., 2010).  However, there has been agreement amongst many 
researchers that lifetime prevalence of LBP is up to 80% or even higher (O’Sullivan, 2005). 
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Costs of low back pain 
Statistical figures from the United States show that back pain is the most common cause of 
disability in populations aged under 45 years.  It is the second most frequent clinical 
presentation to physicians and it is the fifth-ranking cause of hospital admissions.  It is also 
the third-ranking cause of surgical procedures (G. B. Andersson, 1999).  Because LBP is so 
frequently encountered by healthcare practitioners, it is not surprising that the financial 
burden of LBP is significant (D. Hoy et al., 2010).  However, estimating the financial cost of 
LBP is a difficult task.  The cost can be grossly divided into direct and indirect costs.  The 
direct costs are relatively easy to measure and may include costs of outpatient visits, 
medications, hospitalisation, assistive devices, diagnostic tests, and alternative therapies 
(Katz, 2006).  On the other hand, indirect costs are difficult to assess and usually are the 
expenses to address the activity limitation of the individual as a result of the LBP.  The 
indirect costs may include the costs of indemnity payment; productivity loss; employee re-
education; administrative expenses and litigation; cost of lost wages due to absence from 
work and limitation of activity; and cost of providing additional caregiving, transportation, 
and other expenditure required due to disability (D. Hoy et al., 2010; Katz, 2006).  The 
indirect costs share two thirds of the total cost incurred from the management of LBP.  Only a 
minority (10%) of people with LBP experience chronic LBP; however, it is not surprising 
that these are the people who consume most of the direct and indirect costs for the 
management of LBP (Kent & Keating, 2005; O’Sullivan, 2005). 
Effects of chronic low back pain 
Although the management costs of chronic LBP are difficult to assess, it is far more difficult 
to assess the effects LBP has on the life of the person involved and their surroundings.  
Individuals with LBP, particularly with chronic LBP, may suffer from an array of difficulties.  
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These may include, but are not limited to, on-going pain, psychological distress, the inability 
to work, activity limitation, poor quality of life, and financial burden.  From consideration of 
these effects, it may be imagined how the management of individuals with chronic LBP can 
exert an substantial medical, economic, societal, and occupational burden (Kent & Keating, 
2005) on the society and country.  Because of these burdens, there have been great efforts by 
researchers and clinicians seeking improvement in the methods of diagnosis and management 
of chronic LBP as well as efforts in preventing transition of acute LBP into chronic LBP.  In 
spite of continued efforts, diagnosis and management of LBP has proven to be an ongoing 
challenging task for healthcare practitioners. 
Aetiology of low back pain 
Essentially, any innervated structure in the low back region is capable of being a source of 
pain such as intervertebral ligaments, discs (outer fibres of annulus fibrosus), facet joints, 
vertebral periosteum, paravertebral musculature, fascia, blood vessels, and spinal nerve roots.  
From a pathophysiological point of view, specific aetiological factors, multiple pathological 
conditions, or comorbid conditions may give rise to LBP.  Such a list of aetiologies may 
include musculoskeletal injuries, degenerative changes, congenital or developmental 
anomalies, inflammatory or infectious conditions, cancer or metastasis, or referred pain 
(Deyo, Rainville, & Kent, 1992). 
Nonspecific low back pain 
Despite the extensive list of specific causes, the aetiology of LBP remains uncertain in up to 
85% of cases (Airaksinen et al., 2006; Deyo et al., 1992; Ehrlich, 2003; D. Hoy et al., 2010; 
O’Sullivan, 2005).  Such cases fall into the category of nonspecific LBP, also described as 
common LBP by Burton et al. (2006), when the pain generating structures in the back cannot 
be identified through clinical history, physical examination, and/or diagnostic investigations.  
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Interestingly, a number of researchers have observed that there is often poor correlation 
between the degree of radiological abnormalities with the severity of pain and disability 
(Nachemson, 1999) which consequently creates difficulties in correlating the clinical 
presentation, pathology, and radiological appearances (G. B. Andersson, 1999; Boden, Davis, 
Dina, Patronas, & Wiesel, 1990).  It is generally accepted that the aetiology of chronic LBP 
can be complex and multifactorial which may include physical, neurophysiological, lifestyle, 
motor control, and psychosocial factors affecting the occurrence and persistence of chronic 
LBP (Dankaerts & O’Sullivan, 2011).  Patho-anatomical factors can only be identified in a 
small number of cases.  The interaction of the multiple contributing factors is so dynamic and 
complex that there appears no agreement on the hierarchical importance of these factors and 
also whether these factors are the cause or the effects of the chronic LBP.  In addition to the 
aetiological factors, some factors have been identified to be associated with an increased risk 
of developing LBP. 
Challenges in the diagnosis and management of chronic low back 
pain 
Looking at the potential list of the aetiological and risk factors and their dynamic interactions, 
coupled with poor radiological correlation with the clinical presentation, it is not surprising 
that the diagnosis of chronic LBP is a challenging task.  Furthermore, without a specific 
diagnosis, effective management of nonspecific LBP is often a perplexing task (Dankaerts & 
O’Sullivan, 2011).  For the same reason, various treatment options have been utilised for the 
treatment of LBP.  Treatments range from physical therapy to cognitive behavioural therapy 
and from the use of simple medications to the most extensive surgeries.  But not one form of 
treatment has been uniformly effective in the majority of cases.  As one of the ways to 
overcome these difficulties, researchers have acknowledged the need to classify LBP 
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disorders into homogenous subgroups so that specific interventions can be applied for better 
treatment outcomes (Leboeuf-Yde, Lauritsen, & Lauritzen, 1997).  Various models have been 
proposed in this regard including patho-anatomical, peripheral pain generator, 
neurophysiological, psychosocial, mechanical loading, signs and symptoms, motor control, 
and the biopsychosocial model (O’Sullivan, 2005).  Again, each of these models have 
attracted independent attention but appear to have limitations of their own in the diagnosis, 
planning, and effective management of the majority of cases, if not all. 
In search of new models 
There can be many effects of chronic LBP, the two most important being persistent pain and 
activity limitation or inability to return to work.  Although some individuals with chronic 
LBP might focus their attention on their pain experience only, it is important to consider the 
role of activity limitation on the overall outcome of chronic LBP.  With activity limitation, 
people with LBP find it difficult returning to work.  Return to work has been thought to not 
only help the affected individuals financially but appears to be the key to prevent further 
disability and to control pain.  Research indicates that if the individuals with musculoskeletal 
injury and pain could not return to work within seven to twelve-weeks’ time after the injury, 
there was a 50% probability that they might not return to work in the next 6 to 15 months 
(Crook & Moldofsky, 1994; Spitzer, LeBlanc, & Dupuis, 1987).  Additionally such 
individuals have been shown to have a higher recurrence of low back injuries than injuries to 
other body parts (Crook & Moldofsky, 1994).  Thus, identifying the factors responsible for 
restricting individuals with low back injuries (and LBP) from returning to work became the 
focus of many researchers.  The result of this direction was the development of behavioural 
and motor control models. 
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Behavioural – fear-avoidance belief – model 
Although the complaint of LBP has been observed since ancient time, disability associated 
with chronic LBP is a fairly recent association in western society (Waddell, 1987).  Similarly 
the idea of relationship between fear and pain has been known for a long time but until the 
early 1980s there had been only a few efforts to explore this relationship (J. W. Vlaeyen & 
Linton, 2000).  The earliest attempt to describe the relationship between fear and pain based 
on a model was by Lethem and colleagues in 1983 (Leeuw et al., 2007).  Later, many 
researchers focused their attention on the fear-avoidance belief (FAB) model as a result of the 
difficulties in establishing a relationship between the impairments, pain, and disability in 
individuals with chronic LBP (J. W. S. Vlaeyen, Kole-Snijders, Rotteveel, Ruesink, & Heuts, 
1995) as well as due to difficulties in understanding the reasons behind the development of 
chronic LBP after an apparent healing of the acute injury (J. W. Vlaeyen & Linton, 2000). 
 
In this regard, two models were suggested to explain restricted movement secondary to fear.  
The first model proposed that pain provokes a conditioned physiological response 
(sympathetic activation) leading to avoidance behaviour and further reinforcement of the 
behaviour by reduction in fear/anxiety and tension (J. W. Vlaeyen & Linton, 2000).  The 
second model proposed that some individuals react to painful experiences of an injury with a 
fear of movement or re-injury leading to behaviour of avoidance of movement further 
resulting in disability, disuse and depression which perpetuate the pain or painful experiences 
(J. W. S. Vlaeyen et al., 1995).  On the other hand, individuals who confront their pain have 
been linked to reduction in fear as well as return to normal activity (Lethem, Slade, Troup, & 
Bentley, 1983). 
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Several studies have supported the FAB model (Boersma et al., 2004; Buer & Linton, 2002; 
Fritz, George, & Delitto, 2001; Linton, Buer, Vlaeyen, & Hellsing, 2000; Pfingsten et al., 
2001; Picavet, Vlaeyen, & Schouten, 2002) and have been able to establish an association of 
low reported physical activity and high levels of FAB (and vice versa) in individuals with 
chronic non-specific LBP (Elfving, Andersson, & Grooten, 2007).  Further research on this 
model has identified pain-related fear as one of the most powerful predictors of quantifiable 
physical performance, self-reported disability, development of new episodes of pain in pain-
free individuals, and association of nonspecific physical complaints (Staerkle et al., 2004). 
The FAB model has also been widely used in chronic LBP interventions.  It has been 
observed that people with FAB have reported more disability when their pain intensity was 
high; however, interventions aimed at addressing pain relief have been found to be ineffective 
for chronic LBP (Waddell, 1987).  For this reason, researchers have recommended 
interventions to address specific psychological factors (Woby, Watson, Roach, & Urmston, 
2004).  The use of cognitive behavioural intervention has been noted to reduce back pain, 
pain intensity, FAB, and disability along with increasing positive attitude towards self-care 
(Moore, Von Korff, Cherkin, Saunders, & Lorig, 2000; J. W. Vlaeyen, de Jong, Geilen, 
Heuts, & van Breukelen, 2001).  Additionally examination of FAB in individuals with LBP 
has been proposed as a screening method for identification of a higher risk of inability to 
returning to work with prolonged work restrictions (Fritz & George, 2002). 
Although the FAB model appears to be useful in describing relationship between fear and 
pain, generalization is difficult due to differing methods of “sample selection, follow-up time, 
outcome measures, predictor variables, and analyses” (Sieben et al., 2005).  Particularly, 
Sieben and colleagues (2005) reported that the FAB model did not explain the transition of 
acute into chronic LBP.  Additionally, a recent systematic review suggested that FAB was not 
found to be a strong predictive factor for poor outcome in the individuals with LBP (Pincus, 
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Vogel, Burton, Santos, & Field, 2006).  Apart from methodological differences in different 
studies behind the differences in the results, the differences in regard to the FAB model may 
probably be also due to impact and interaction of various social, cultural, economical, and 
individual factors.  These contradictive findings further re-iterate the difficulty in finding a 
suitable model to predict and use for the treatment of LBP and shows why research into other 
models has not been ruled out. 
Motor control model 
Neuromuscular system 
The joints of the spine and pelvis are densely supported by ligamentous structures.  In spite of 
this support the stability of the spine and pelvis is challenged by loads much less than that of 
the body weight (O'Sullivan, Twomey, & Allison, 1998).  Therefore the stability of the joints 
of the pelvis and spine is largely dependent on the surrounding muscles during movement.  
Stabilisation of the pelvic and spinal joints is a challenging task for the muscles due to tasks 
such as posture maintenance and axial load sharing.  For effective motor control of the 
lumbopelvic region, a coordinated effort of multiple factors is needed.  Such factors include 
muscular strength and endurance; efficacy of the afferents (input), cortex (processing), and 
efferents (output) of the nervous system; coordination of the muscles to perform functions in 
the hierarchical order of importance; and carrying out homeostatic functions of the muscles 
simultaneously (P. W. Hodges & Moseley, 2003).  In general, the neuromuscular system 
helps to initiate and control movements as well as help to provide and maintain postural 
stability (O'Sullivan et al., 1998).  Research indicates that movement and motor control 
dysfunctions coexist in individuals with acute and nonspecific chronic LBP (Dankaerts, 
O’Sullivan, Burnett, Straker, & Danneels, 2004; P. W. Hodges & Richardson, 1996; 
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Radebold, Cholewicki, Panjabi, & Patel, 2000; Sihvonen, Lindgren, Airaksinen, & 
Manninen, 1997). 
Differences between deep and superficial muscles 
Although muscles are known to have specific functions in normal circumstances, they can 
have varied adaptive and compensatory roles in different situations.  Research on different 
muscle groups in trunk and back, support this notion.  For example, a consistent differential 
change between the deep and superficial trunk and spinal muscles has been noted in 
individuals with LBP as well as in individuals with experimentally induced LBP.  The deep 
trunk muscles (particularly the transversus abdominis) (P. W. Hodges & Richardson, 1996) 
and deep paraspinal muscles (Sihvonen et al., 1997) have typically exhibited late activation in 
relation to the superficial muscles in individuals with LBP compared to pain-free individuals.  
The delay in activation of deep muscles has been more marked in predictable tasks 
suggesting that the changes were driven by inputs from the higher centres as well (P. W. 
Hodges & Moseley, 2003).  In other studies, changes in fibre composition, increased 
fatigability, and reduced cross-sectional area have been observed in deep paraspinal muscles 
in individuals with LBP (P. W. Hodges & Moseley, 2003) suggesting a reduction in activity 
in the intrinsic muscles of the back.  Nonetheless, some researchers have observed 
hyperactivity in the deep lumbar paraspinal muscles secondary to pain and injury (Holm, 
Indahl, & Solomonow, 2002). 
Differences in responses of superficial paraspinal muscles 
Assessment of the deep lumbar paraspinal muscles requires needle electromyography (EMG).  
Although needle EMG is a highly reliable procedure, it is quite invasive.  On the other hand, 
superficial and intermediate paraspinal muscles such as erector spinae (ES) are easily 
accessible with help of surface EMG.  Surface EMG is not only a non-invasive procedure but 
also simple and fairly reliable procedure and therefore has been used over many decades (P. 
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W. Hodges & Moseley, 2003).  Like deep muscle, some variability has also been noted in the 
responses of the superficial or intermediate paraspinal muscles during different activities.  
For example, Arena, Sherman, Bruno, and Young (1989) reported increased activity during 
six different positions in the ES of individuals with LBP as compared to pain-free individuals 
whereas Sihvonen et al. (1997) observed increased activity only in LBP individuals with 
radiating/referred pain; Cram and Steger (1983) noted asymmetrical activity between the 
right and left paraspinal muscles in sitting and standing positions; and Collins, Cohen, 
Naliboff, and Schandler (1982) reported no difference between electrical activity in the ES 
muscles of pain-free and LBP individuals during different postures and stress. 
There is, however, one response of the superficial paraspinal muscles that has been unique 
and consistent.  This being a sustained myoelectric activity in the intermediate lumbar 
paraspinal muscles, ES, at the end range of spinal flexion in individuals with LBP.  In pain-
free individuals, this typical ES muscle activity at the terminal flexion is reduced or absent.  
This phenomenon has been named as the flexion-relaxation phenomenon (FRP) or flexion-
relaxation response. 
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Pain 
Pain is a fundamental phenomenon which every individual experiences at sometimes in their 
lives.  Despite this, it is often difficult to describe the experience of pain.  The worldwide 
accepted definition of pain as endorsed by the International Association for the Study of Pain 
(IASP) is “an unpleasant sensory and emotional experience associated with actual and 
potential tissue damage, or described in terms of such damage” (Verhaak et al., 1998). 
Models of pain 
Few models have been described in the last few decades to help us understand changes in 
motor control, secondary to pain.  “Vicious cycle theory” and “pain adaptation theory” are 
the two important models of pain that are widely studied and critiqued. 
Vicious cycle theory 
It is often seen that pain experienced by individuals immediately after a trauma is 
accompanied by muscle contractions in the region injured.  Sometimes these muscle 
contractions are so intense that they cause disparity between the demands and supply of blood 
to the muscles and ultimately cause an accumulation of metabolites, both of which can lead to 
further pain.  The pain-spasm-pain or vicious cycle theory was proposed by Travell who 
suggested that pain would lead to increased muscle activity which may then lead to further 
pain.  Different mechanisms have been suggested for the vicious cycle theory.  Some 
researchers have suggested that nociceptor fibres send afferent signals to alpha motoneurons 
via excitatory interneurons whereas others have proposed that nociceptor fibres send afferent 
signals to gamma motoneurons which accentuate activity of muscle spindles leading to 
excitation of alpha motoneurons (van Dieen, Selen, & Cholewicki, 2003).  In both of these 
theories, the muscle hyperactivity is achieved by either direct or indirect activation of alpha 
motoneurons. 
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Pain adaptation model 
The pain adaptation model was proposed by Lund, Donga, Widmer, and Stohler (1991).  This 
model suggests that during muscle pain there is decreased activity of agonistic muscles and 
increased activity of antagonistic muscles.  The changes in muscle activity and coordination 
are suggested to result in a reduction in the amplitude and velocity of the painful movement 
and in the force produced by the muscle (Paul W. Hodges & Tucker, 2011).  This is to 
prevent mechanical stimulation of the damaged tissue as well as for preventing further 
damage to the tissues. 
Although many studies have supported the vicious cycle and pain adaptation theories, 
conflicting results have also been observed.  Therefore it is paramount that further research is 
conducted in order to determine effects of pain on motor control. 
Flexion-relaxation phenomenon in terms of pain models 
A small number of researchers have studied the biomechanical model through investigation 
of the muscular changes secondary to neural adaptations in individuals with pain.  In one 
such study Zedka, Prochazka, Knight, Gillard, and Gauthier (1999) investigated the motor 
output of the lumbar ES during pain.  In this study Zedka and colleagues (1999) induced 
experimental pain by injecting hypertonic saline in the right ES only.  As expected, less 
activity was present in the left ES and more in the right ES during full trunk flexion.  The 
increased activity in the right ES during full flexion could be reflective of the vicious cycle 
model.  During extension, increased activity in the left ES was observed as per the 
researchers’ expectations.  Interestingly, activity in the right ES, i.e. on the painful side, was 
reduced during extension which supports Lund’s pain adaptation model.  The combined 
effects of increased activity during trunk flexion and decreased activity during extension 
resulted in a reduction in the modulation depth on the EMG signal.  This reduction was 
associated with decreased ROM and velocity of the trunk flexion-extension.  The reduced 
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modulation depth has been thought to provide a biological splint, protecting the structures 
from further injury. 
While valid, these models remain insufficient to describe the complexities of pain and its 
effects on movements.  Some of the difficulties of the vicious cycle model and pain 
adaptation model include lack of uniform effect on excitability of the motor pathway, absence 
of predictable changes in motor control during pain, limited study of effect of pain on non-
voluntary movements (such as postural muscles), and lack of explanation of persistent force 
in the muscles with reduction in firing of motoneurons (Paul W. Hodges & Tucker, 2011). 
New theory of motor adaptation to pain 
With the aforementioned difficulties, Paul W. Hodges and Tucker (2011) proposed that 
pain/injury or threat to pain/injury induces changes in the nervous system directing 
redistribution of activity within the injured muscles and between the injured muscle and other 
muscles.  This essentially leads to changes in mechanical performance of the muscles.  One 
of such mechanical behaviour is increased stiffness which has been proposed to be short-
lived to protect the injured tissue.  The long-term muscle behaviour changes lead to increase 
in load and decrease in movement and variability.  These long-term changes further interact 
and influence the original pain experience and nervous system. 
One other important adaptation, suggested in the new model of pain, is redistribution of 
activity within and in between the muscle groups.  Because of the proximity of hamstring 
muscles to the low back region and their proposed role in lumbopelvic movement, it has been 
proposed that the redistribution of the activity from the lumbar muscle may occur in the 
hamstring muscles.  Due to this involvement, and other research, hamstring muscles have 
received considerable attention in the LBP research. 
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Flexion-relaxation phenomenon 
The flexion-relaxation 
The changes in the electrical activity of the lumbar ES, which occur during trunk flexion, 
have been known to the researchers for more than six decades (Floyd & Silver, 1955).  In 
normal population during progressive trunk flexion, the lumbar ES muscles eccentrically 
contract to accommodate the increasing effects of gravity on the mass of the head, upper-
trunk, and upper-limbs (McGill & Kippers, 1994).  However, at a certain point during trunk 
flexion, the lumbar ES muscles relax, described as FRP.  This ‘certain point’ has been 
referred to as the ‘flexion angle’.  The relaxation of the lumbar ES muscles beyond the 
flexion angle is recognised on surface EMG as “myoelectric silence” (M. Olson, Solomonow, 
& Li, 2006).  During re-extension, concentric contraction of the lumbar ES is necessary to 
counterbalance the gravitational forces.  The term ‘flexion-relaxation’ was introduced by 
Floyd and Silver in 1955.  Since then the presence of FRP in the lumbar ES has been 
confirmed in a number of studies in pain-free individuals (Ahern, Follick, Council, Laser-
Wolston, & Litchman, 1988; E. A. Andersson, Oddsson, Grundstrom, Nilsson, & 
Thorstensson, 1996; Mathieu & Fortin, 2000; Neblett, Gatchel, & Mayer, 2003; Sihvonen, 
Partanen, Hanningen, & Soimakallio, 1992). 
 
Conversely, the FRP (in the lumbar ES during full spinal flexion) is often absent in chronic 
LBP individuals (Ahern et al., 1988; Kaigle, Wessberg, & Hansson, 1998; Neblett et al., 
2003; Nouwen, Van Akkerveeken, & Versloot, 1987; Paquet, Malouin, & Richards, 1994; 
Shirado, Ito, Kaneda, & Strax, 1995; Sihvonen et al., 1992; P. Watson, Booker, Main, & 
Chen, 1999). 
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Proposed mechanisms of flexion-relaxation phenomenon 
The most accepted mechanism behind the FRP in the lumbar ES muscles has been based on 
the model of the ligamentous-muscular synergism.  The main function of any ligament is the 
provision of stability to a joint during various ROM, with or without an external load.  This 
function of ligaments is possible due to their unique composition and arrangement of the 
collagen fibres.  Their mechanical properties of “creep, tension-relaxation, hysteresis, and 
time or frequency dependent length-tension behaviour” (M. Solomonow, 2004) also assist.  
Unfortunately, the mechanical support of the ligaments alone is not enough for the provision 
of joint stability due to the great forces applied on the joints during various activities.  For 
greater stability, the joints further depend on the dynamic support of the surrounding muscles.  
All of the ligaments, particularly in the extremities and the spine, are rich in 
mechanoreceptors such as Pacinian, Golgi, Ruffini, and bare nerve endings (M. Solomonow, 
2004) which contribute to the processes of proprioception.  Additionally, ligaments provide 
sensory information to the nervous system for making necessary changes in the related 
agonist and antagonist muscles (M. Solomonow, 2004).  Few experiments have shown 
increased activity in the surrounding muscles on stimulation of the ligamentous structures in 
the human knee (M. Solomonow et al., 1987) and in the feline lumbar paraspinal muscles 
(Stubbs et al., 1998). 
 
Another explanation for the FRP was suggested by (Gupta, 2001).  He suggested that the FRP 
was “a result of the passive equilibrium between the gravity-induced tensile torque and the 
extensor torque provided by the stretched posterior vertebral ligaments (p. 496)”.  This 
suggestion was based on the observation that the timing of appearance of the FRP in the 
lumbar ES could be modified by different lumbopelvic positions and axial loads.  Earlier 
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studies had suggested other mechanisms of the FRP including muscle lengthening reaction or 
the flexion limiting role of the ES muscles (Othman, Muhammad, Ibrahim, & Omar, 2007). 
A reduced or absent FRP in LBP individuals has been hypothesized to be due to the inability 
of the lumbar ES muscles to either relax or be relieved of their moment-supporting role by 
the passive structures in the back (Colloca & Hinrichs, 2005).  It has also been proposed to be 
a result of the abnormal neuromuscular coordination of the lumbopelvic region (Shirado et 
al., 1995).  Another explanation of the continued activity of the lumbar ES during full spinal 
flexion has been suggested as a compensation for the loss of spinal stability (Lariviere, 
Gagnon, & Loisel, 2000).  None of the suggested theories, either explaining the presence or 
absence of the FRP in the pain-free or LBP individuals respectively, have been accepted 
universally. 
Biomechanical and clinical importance of flexion-relaxation phenomenon 
Activities comprising lumbar flexion are a part of many activities of daily living, work, and 
sports and thus consideration of the biomechanical and clinical effects of lumbar flexion is 
important (Colloca & Hinrichs, 2005).  Flexion activities have been identified as a moderate 
risk factor for the development of LBP (Hoogendoorn et al., 2000), particularly if such 
activities are of a repetitive and prolonged nature.  Additionally, individuals with LBP are 
seen to avoid lumbar flexion movements when in pain (Colloca & Hinrichs, 2005).  As 
mentioned before, FRP has been shown to be a consistent and reproducible pattern in 
individuals with no LBP whereas individuals with LBP show FRP that is either diminished or 
absent.  Therefore FRP in the lumbar ES has been acknowledged as a reliable discriminating 
factor in individuals with LBP (Colloca & Hinrichs, 2005).  Additionally measurement of 
FRP has been suggested as a quantitative outcome measure to evaluate improvement (P. W. 
M. Marshall & B. A. Murphy, 2006). 
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Later researchers questioned if abnormal FRP could be reversed with treatment interventions.  
Previously Neblett et al. (2003) demonstrated that after a functional restoration rehabilitation 
program, participants with chronic LBP exhibited FRP (that was previously absent or 
reduced) along with making improvements in range of motion (ROM) and decreasing their 
self-reported pain and disability.  Later Neblett, Mayer, Brede, & Gatchel (2011) found that 
addition of a surface EMG-assisted stretching to a functional restoration rehabilitation 
program resulted in normalization of the FRP in chronic LBP patients compared to patients 
treated with functional restoration rehabilitation program.  Similarly (O'Shaughnessy, Roy, & 
Descarreaux, 2013) investigated effects of lumbar disc replacement surgery using the 
outcomes of self-reported disability, fear-related beliefs, ROM, and lumbar ES activity during 
flexion.  The researchers observed that there was a correlation between reduction in the self-
reported disability and fear-related beliefs with biomechanical evidence of increases in the 
pelvic flexion ROM and presence of the FRP in the lumbar ES.  But the outcome measures 
were collected after three months which restricted understanding of interaction of FAB and 
biomechanical factors during the first three months.  Additionally, there was a relatively 
small sample size (n=15) with no control group. 
 
However there has been evidence that the changes in FRP may not last long.  For example, 
spinal manipulation therapy was found to modulate the FRP at the L2 level for a brief period 
of time (Lalanne, Lafond, & Descarreaux, 2009); however, long-term effects are not known.  
In another study, P. Marshall and B. Murphy (2006) noted progressive improvements in pain 
perception and FRP over 8 weeks and self-reported disability over 12 weeks during the 
period of exercise rehabilitation using a Swiss ball.  Quite interestingly, the reported pain 
perception levels and self-reported disability went lower than the baseline whereas the FRP 
regressed on cessation of the exercise program.  These differences suggested that the 
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improvements in the FRP may not be dependent on the perceived pain intensity.  Similarly, 
conventional physical therapy for individuals with LBP has shown improvements in function, 
pain, and disability but has shown no effect on the FRP (Ritvanen, Zaproudina, Nissen, 
Leinonen, & Hanninen, 2007).  The last two studies thus raise questions if pain has any effect 
on the FRP.  But again (Zedka et al., 1999) have observed that the FRP can be altered by 
inducing experimental pain.  It is possible that methodological factors such as controlled 
ROM used by Zedka et al. (1999) or some other factors may be at play as well. 
Flexion angle and flexion-relaxation phenomenon 
Flexion angle is a point during trunk flexion after which the myoelectric silence is observed 
in lumbar ES muscles.  The initiation (and cessation) of the myoelectric silence and thus the 
flexion angle has been shown to be affected by many factors.  For example, Schultz, 
Haderspeck-Grib, Sinkora, and Warwick (1985) noted that there were incremental changes in 
the FRP in back muscles with increasing loads on the spine.  In another study, Sarti, Lisón, 
Monfort, and Fuster (2001) studied the effects of independent variables of speed and loading 
on the appearance of FRP during trunk flexion.  The researchers observed that the greater the 
speed of lumbar motion, the greater the delay was in the appearance of the FRP and the 
lumbar ES remained active longer as they could not transfer the loads to the passive 
viscoelastic structures due to the added external loads.  Researchers have also studied the 
FRP effects, as a result of changes in the mechanical properties of ligaments and they have 
supported the role of ligaments in providing information to muscles to generate forces for 
control of movements and skeletal stability.  In their experiment, Moshe Solomonow, Baratta, 
Banks, Freudenberger, and Zhou (2003) instructed the participants to stay in a 10-minute 
sitting static flexion position.  The researchers noted that the resultant creep in the 
viscoelastic structures delayed the onset of the myoelectric relaxation in the lumbar ES 
muscles.  Solomonow et al. (2003) concluded that the strength in the ligaments (with creep) 
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was not enough to maintain joint stability and therefore the muscles remained active for a 
longer time or that the loosened ligaments required more lengthening to achieve the same 
stretch resulting in greater flexion required for the lumbar ES muscles to relax. 
 
Flexion angle has also found to be affected by muscle fatigue.  In a recent study, it was noted 
that induced lumbar ES fatigue increased the myoelectric silent period during trunk flexion-
extension movement suggesting that a fatigued muscle transfers its role of load-sharing to the 
viscoelastic structures earlier and for longer (Descarreaux, Lafond, Jeffrey-Gauthier, 
Centomo, & Cantin, 2008).  Further to that study, Descarreaux, Lafond, and Cantin (2010) 
noted that fatigue of the lumbar ES and hip extensors together affected the lumbopelvic 
rhythm and thereby reduced the FRP onset angle, or in other words, brought on earlier onset 
of the myoelectric silence.  Thus it can be argued that the role of load-sharing between the 
muscles and the ligaments are interchangeable and change at the need of the time. 
 
Some researchers (M. W. Olson, Li, & Solomonow, 2004) also studied effects of cyclic 
lumbar flexion on the FRP and noted earlier cessation of the myoelectric activity in the 
lumbar ES along with heightened myoelectric activity during flexion and extension.  Thus, 
there appears to be a relationship between the flexion angle and various external factors. 
Fear-avoidance beliefs and the flexion-relaxation phenomenon 
It is now understood that pain-related fear or FAB in individuals with LBP is remarkably 
associated with reduced lumbar flexion.  As FRP is known to be reduced in LBP, it is 
important to know if there are any associations or interactions between the psychological 
(FAB) and biomechanical (FRP) factors.  It has generally been accepted that neither the 
psychological nor the biomechanical model alone explained the aetiology, maintenance, and 
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exacerbation in all the cases of chronic LBP.  However few studies have been able to 
correlate FAB to FRP.  Earlier P. J. Watson, Booker, and Main (1997) measured lumbar 
paraspinal activity of chronic LBP individuals (n = 36) during static and dynamic activity 
prior to and immediately after a pain management program.  They noticed that FRP was 
affected by FAB and low self-efficacy beliefs.  Watson and colleagues also noted correlation 
between increased flexion-relaxation ratio (FRR) and reduction in FAB/increase in self-
efficacy beliefs; however they noted no such correlation between the muscle activity and 
ROM changes or reported pain/disability.  Recently, researchers have confirmed that pain-
related fear was not only significantly associated with reduced lumbar flexion but also with a 
reduced FRP (Geisser, Haig, Wallbom, & Wiggert, 2004).  The researchers have suggested 
that this association is possibly facilitated through reduced lumbar flexion but it is still not 
clear whether a cause-effect relationship can be found. 
 
From the above discussion it can be argued that clinically the alterations of the FRP in lumbar 
ES in the individuals with LBP are probably owing to a combination of behavioural and 
neural factors. 
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Chapter 3:  Flexion-relaxation phenomenon in hamstring 
muscles 
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The term lumbopelvic rhythm has been in use to describe the relationship between the pelvis 
and lumbar spine (Muscolino, 2012), particularly during movement.  Slight anterior tilting of 
the innominate bones and sacrum create an angle to the horizontal which is compensated by 
lumbar lordosis so that the upper spine and head are held erect.  Increased lumbar lordosis 
shifts the mechanical loads from intervertebral discs to facet joints whereas decreased lumbar 
lordosis fails to provide effective shock absorption and load transfer.  Various muscles (e.g. 
hip flexors and extensors and trunk flexors and extensors) are thought to influence the tilting 
of the pelvis and thus are thought to play an important role in the lumbopelvic rhythm. 
Hamstring muscles are situated on the posterior aspect of the thigh with proximal attachment 
to the ischial tuberosity and distal attachments to the posterior surface of the proximal tibia.  
This position of the hamstring muscles allows them to help extend and flex the hip joint and 
knee joint respectively.  Because of their proximal attachment to the ischial tuberosity, it is 
assumed that hamstring muscles play a role in the lumbopelvic rhythm.  Indeed, short or 
inflexible hamstring muscles restrict anterior pelvic tilt influencing the lumbar angle 
(Gajdosik, Albert, & Mitman, 1994; Gajdosik, Hatcher, & Whitsell, 1992) or limit the range 
of hip flexion (Li, McClure, & Pratt, 1996).  Additionally, knee and hip angles may influence 
pelvic tilt or movement (Li et al., 1996).  However, asymptomatic individuals with reduced 
hamstring extensibility have also shown no alteration in the pelvic tilt or angulation (Norris & 
Matthews, 2006). 
 
As lumbopelvic rhythm is a combined movement of lumbar and pelvic flexion, trunk and 
back muscles work in coordination during trunk flexion and extension tasks (Norris & 
Matthews, 2006).  Although alterations in the lumbar to hip flexion ratio have been observed 
in individuals with LBP (Esola, McClure, Fitzgerald, & Siegler, 1996), no alteration in the 
sequence of muscle activation has been observed in both LBP and pain-free individuals 
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(Leinonen, Kankaanpää, Airaksinen, & Hänninen, 2000).  Differences in ROM in LBP and 
pain-free individuals may reinforce the understanding that the neuromuscular recruitment is 
altered in individuals with LBP.  However it is still argued whether the neuromuscular 
alterations noticed in individuals with LBP are the cause or the effect. 
Role of hamstring muscles in low back pain 
An association between the length of the hamstring muscles and the likelihood of developing 
back pain has been reported (Biering-Sørensen, 1984; Brodersen, Pedersen, & Reimers, 
1994; Cailliet, 1995; Halbertsma, Göeken, Hoff, Groothoff, & Eisma, 2001; Pope, Bevins, 
Wilder, & Frymoyer, 1985).  It was argued that a higher risk of LBP can be a result of an 
increase in the tensile forces on the lumbar segments secondary to the short hamstrings being 
exposed to various forces during the daily activities (Cailliet, 1995; McGregor, Anderton, & 
Gedroyc, 2002).  Thus, it can be argued that short and inflexible hamstring muscles may lead 
or affect LBP by restricting the movement of the pelvis.  Contrariwise, some authors have not 
found similar correlation in LBP adolescents (Harreby et al., 1999).  Similarly no association 
between the hamstring muscle length and the total pelvic ROM in asymptomatic individuals 
(Norris & Matthews, 2006) or no association between hamstring inflexibility and LBP or 
between hamstring flexibility and lumbar flexion in rowers (Stutchfield & Coleman, 2006) 
has been reported.  .  It has also been suggested that the diminished extensibility of the 
hamstring muscles in individuals with LBP was the result of diminished stretch tolerance and 
not because of the hamstring stiffness (Halbertsma et al., 2001). 
Flexion-relaxation phenomenon on hamstring muscles 
The first evidence of FRP in the hamstring muscles was in the mid-90s.  In this particular 
study, Sihvonen (1997) observed that the FRP was a demonstrable phenomenon in the 
hamstring muscles of the asymptomatic individuals during full spinal flexion.  Soon after one 
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more study confirmed the presence of hamstring FRP, both in LBP and asymptomatic 
individuals (Leinonen et al., 2000).  In both groups of this study, the activation of lumbar ES 
and hamstring muscles occurred simultaneously during flexion-extension tasks, maintained 
the same order of activation, and did not change after rehabilitation.  In this study, the ROM 
was not controlled and also the activity was not quantified using a ratio. 
Presence of hamstring FRP was also observed in a study by McGorry, Hsiang, Fathallah, and 
Clancy (2001).  They; however, noticed that the hamstring FRP response was not consistent 
in all the participants as in the lumbar ES muscles.  Additionally they noted that the muscle 
activation sequence of the lumbar and hamstring muscles depended on posture and direction 
of the movement.  This study also had limitations of uncontrolled ROM, absence of LBP 
group, and non-quantification of muscle activity using a ratio. 
Later M. Olson et al. (2006) observed that hamstring muscles showed relaxation similar to 
the lumbar ES muscles during trunk flexion tasks in standing.  Again this study’s limitations 
were similar to previous studies. 
In a recent study; Kim and Yoo (2013) observed that in the individuals with computer work-
related LBP, the hamstring FRP was altered (increased activity) during trunk flexion in 
comparison to the pain-free individuals.  The researchers argued that this study supported the 
ligamentous-muscular synergism.  However, this study recruited LBP individuals and so it 
cannot be said that the LBP altered the hamstring FRP.  It is also possible that the LBP group 
in this study simply did not flex far forward due to pain and thus failed to show FRP. 
On the other hand, hamstring FRP is denied by few researchers.  In his research, (Gupta, 
2001) investigated FRP in the back, abdominal, and leg muscle groups in different positions 
and with different axial loads.  Gupta (2001) confirmed FRP in the lumbar ES but observed 
that hamstring FRP was absent during trunk flexion movement.  Recently, hamstring FRP 
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was not observed in pain-free and LBP individuals (Othman et al., 2007).  Both of these 
studies had similar limitations to other studies. 
 
With such contrasting results, hamstring FRP may be questioned.  The studies that 
documented hamstring FRP raise the question whether the FRP is really mirrored in the 
hamstring muscles or if these results are inaccurate owing to failing to between-subject 
design and behavioural confounds.  Or perhaps there is an inverse compensatory mechanism.  
That is, the hamstring activity is increased to compensate inhibited lumbar ES during full 
flexion.  Before the establishment of the FRP in the hamstring muscles, this was an 
explanation suggested by some researchers (Holleran, Pope, Haugh, & Absher, 1995).  This 
is in line with the basic model that if one muscle is inhibited, other agonist muscles may 
increase their activity to compensate for loss of function. 
Ratio-based analysis of muscle activity 
Although FRP has been consistently used to discriminate individuals with LBP, more 
recently ratio based analysis of the muscle activity has been recommended.  More commonly, 
the flexion-relaxation ratio (FRR) and extension-relaxation ratio (ERR) are in use.  FRR is 
the relative difference between muscle activity during flexion and full flexion whereas ERR 
is the relative difference between muscle activity during extension and full flexion.  Recent 
research suggests that FRR and ERR reflect a higher association with clinical and 
musculoskeletal features in comparison to other ratios (Alschuler, Neblett, Wiggert, Haig, & 
Geisser, 2009).  The FRR or ERR help to exclude the need of normalisation as well as 
informs researchers about the modulation depth.  The latter is of particular importance as 
previous research has indicated that pain conditions reduce the modulation depth of the EMG 
activity (Zedka et al., 1999).  Although absolute values of FRR and ERR have been 
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recommended by researchers, there is a large variation in their values with no consensus on 
the cut off value.  Nonetheless, the FRR or ERR have shown an ability to discriminate 
individuals with LBP (Ambroz, Scott, Ambroz, & Talbott, 2000; Mak et al., 2010; Sihvonen, 
Partanen, Hanninen, & Soimakallio, 1991; P. Watson et al., 1999). 
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Section 4:  Conclusion and rationale for further 
investigation 
Presence of FRP in the lumbar ES muscles is well known in pain-free individuals; similarly 
its absence or alteration is frequently observed in LBP individuals.  Although hamstring 
muscles are considered frequently in the diagnosis and management of individuals with LBP, 
research on hamstring FRP is sparse and inconsistent in the literature.  Previous studies on 
hamstring FRP all share a common limitation of between-subject designs wherein LBP 
patients are compared with pain-free controls.  The between-subject designs fail to 
distinguish neurophysiological effects from behavioural changes that occur with pain.  For 
this reason, in order to minimise these current study limitations, it is crucial that the ROM 
and pain is controlled for so that a definite conclusion can be drawn.  The inconsistencies in 
hamstring FRP research can also be attributed to non-quantification of EMG activity by a 
ratio such as ERR which has been shown to be more consistent in detecting smaller changes 
in muscle activity.  The ERR has shown a higher ability to discriminate LBP individuals.  
Thus a study of hamstring activity with use of experimental design, controlled ROM, and 
ratio-based analysis of EMG data may help to minimise aforementioned limitations.  
Improved understanding of neuromuscular adaptations in hamstring muscles in individuals 
with chronic LBP will be vital for the clinicians in the diagnosis and for planning strategies of 
intervention towards successful treatment outcomes of chronic LBP individuals. 
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Section 2:  Manuscript 
 
This manuscript is written in the style described in the guide for authors for the Journal of 
Electromyography and Kinesiology (see Appendix I).  For the purposes of completion of this 
thesis, tables have been placed throughout the body of the document (rather than on a 
separate document) for ease of examination.  The Journal of Electromyography and 
Kinesiology requires a limit of 5000 words which has been followed.  Additional information 
has been included in appendices. 
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Abstract 
Background:  Flexion-relaxation phenomenon in lumbar erector spinae muscles is a normal 
phenomenon which is notably altered in cases of low back pain; however the characteristics 
of this phenomenon in the hamstring muscles is not well understood.  Objective:  To 
investigate if the hamstrings extension-relaxation ratio was affected by experimental low 
back pain.  Participants:  Nineteen healthy, pain-free volunteers with mean age (SD) = 28.7 
(6.7) years participated in the study.  Methods:  Surface electromyography was used to 
measure activity in the bilateral hamstring and lumbar erector spinae muscles before and after 
hypertonic-saline-induced experimental pain of the lumber erector spinae muscles during 
trunk flexion-extension tasks.  Average muscle activity during each phase and extension-
relaxation ratio values were analysed for each muscle group (lumbar erector spinae, biceps 
femoris, and medial hamstrings) using repeated measure ANOVAs.  Results:  Although pain 
conditions affected biceps femoris activity in full trunk flexion (P < 0.001), and medial 
hamstrings activity in extension (P = 0.025), the hamstring extension-relaxation ratio was not 
affected significantly by the experimental pain.  Conclusion:  Low back pain does not seem 
to directly affect hamstrings extension-relaxation ratio in an experimental setting. 
 
KEYWORDS:  Low Back Pain, Flexion-Relaxation Phenomenon, Erector Spinae, 
Hamstrings, Extension Relaxation Ratio, Surface Electromyography, Experimental Low 
Back Pain 
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Introduction 
The lifetime prevalence of low back pain (LBP) is 80% or higher [O’Sullivan, 2005] and is 
increasing globally [Freburger et al., 2009] despite improving technological advances for the 
diagnosis and availability of multiple treatment interventions [Dagenais et al., 2008].  
Therefore medical, economical, occupational, and societal burdens of LBP and its 
management are enormous [Hoy et al., 2010; Kent and Keating, 2005].  For example, in New 
Zealand, the Accident Compensation Corporation spends in excess of $300 million annually 
towards the management of LBP [ACC, 2014].  Although multiple aetiological risk factors 
have been identified, in as many as 85% of the cases the aetiology of LBP remains unclear 
[Airaksinen et al., 2006; Deyo et al., 1992; Ehrlich, 2003; Hoy et al., 2010; O’Sullivan, 
2005].  Without a diagnosis, effective management of LBP is a challenging task [O’Sullivan, 
2005]. 
 
Investigations to enhance our understanding of LBP have moved into behavioural and 
movement/motor models.  One of the most commonly cited motor aberration is that 
concerning the flexion-relaxation phenomenon (FRP) of the lumbar erector spinae (ES).  The 
term FRP was coined by Floyd and Silver [1955] to describe a typical myoelectric silence in 
the lumbar paraspinal muscles during full trunk flexion in pain-free individuals.  Conversely 
the FRP has been observed to be consistently altered or absent in individuals with LBP 
[Neblett et al., 2003; Sihvonen et al., 1997; Watson et al., 1999].  Subsequently, measurement 
of the FRP has been used to differentiate individuals with LBP [Colloca and Hinrichs, 2005], 
to evaluate intervention effectiveness [Bicalho et al., 2010; Marshall and Murphy, 2006] and 
even as a method of treatment via biofeedback [Moore et al., 2013; Neblett et al., 2003]. 
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The proposed mechanisms for absent FRP can be categorized into behavioural and neural.  
The behavioural factors include a reduced range of trunk flexion [Geisser et al., 2004; 
Watson et al., 1997; Zedka et al., 1999], which may be attributed to fear-avoidance 
behaviour, whereas the neural factors manifest as an increase in muscle activity, often 
described in contexts of the vicious cycle [Hodges, 2011] or the pain-adaptation model [Lund 
et al., 1991].  It is hypothesised that the increased muscle activity acts to stabilise spinal 
segments [Lariviere et al., 2000; van Dieen et al., 2003], and contribute to reduced motion 
[Ahern et al., 1988].  The behavioural and neural mechanisms are distinct, as evidenced by 
the experimental design in the study by Zedka et al. [1999] which reported a reduced motion, 
and increased muscle activity when motion was matched to the pre-pain state. 
 
Findings from studies that have explored lumbopelvic kinematics in patients with LBP 
[Ellison et al., 1990; Esola et al., 1996; Van Dillen et al., 2007], or hamstring characteristics 
[Marshall et al., 2010], support the notion that pain adaptations can have a widespread effect, 
and may not be isolated to the painful site [Hodges, 2011].  The occurrence of a normal FRP 
in hamstring muscles in asymptomatic individuals was first recognized by Sihvonen [1997] 
which was later confirmed by other researchers.  While the FRP of the hamstring muscles is a 
normal observation [Kim and Yoo, 2013; Leinonen et al., 2000; Olson et al., 2004], research 
on the FRP in hamstring muscles in individuals with LBP is limited and inconsistent.  Paquet 
et al. [1994] observed variability in hamstring muscle activation at terminal flexion in a LBP 
group compared to a control group but they did not measure muscle activity during a 
relaxation phase and did not control velocity of flexion-extension tasks making it difficult to 
conclude about hamstring muscles activity.  Later, Leinonen et al. [2000] noted similar order 
of activation for lumbar ES muscle and hamstring muscles in both LBP and control groups; 
however noted reduced activity of gluteus maximus muscle during flexion-extension cycles 
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in chronic LBP groups.  Mannion [2008] observed higher hamstring flexion-relaxation ratios 
and extension-relaxation ratios (ERR) in pain-free individuals compared to LBP individuals 
who showed similar patterns of activity to lumbar ES muscles.  More recently, Kim et al. 
[2013] found that a LBP sub-group, which they defined as a lumbar extension rotation 
syndrome group, displayed impaired hamstring FRP when compared with healthy controls.  
Similarly Kim and Yoo [2013] noted higher ratios of hamstring relaxation to flexion in 
individuals with computer work-related LBP compared to pain-free groups indicating similar 
patterns of alteration of hamstring muscles to lumbar ES muscles. 
 
While preliminary results suggest that the hamstring muscles may be similarly affected by 
LBP as the lumbar ES muscles, none of these studies distinguished the neurophysiological 
effects from the behavioural changes that occur with pain.  The FRP is intrinsically related to 
the amount of trunk flexion achieved [Ahern et al., 1988], and pain is known to negatively 
affect the trunk flexion motion [Hodges et al., 2003; Zedka et al., 1999].  Subsequently, an 
experimental design that controls participants’ flexion motion is needed to help elucidate the 
underlying mechanism of the reported change in hamstring FRP.  The objective of this study 
was to investigate if the hamstrings ERR was affected by experimental pain when the range 
of trunk flexion was controlled. 
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Methods 
Design 
A repeated-measures experimental design was employed. 
Participants 
Nineteen asymptomatic participants from the general public with mean age (SD) = 28.7 (6.7), 
mean height (SD) = 172 (11) cm, and mean weight (SD) = 76 (14) kg participated in the 
study.  Participants were excluded if they had any orthopaedic or neurologic disorders; 
trauma to the low back or legs; pain conditions such as arthritis or fibromyalgia; or any 
bleeding or clotting disorders.  Further exclusion was made if participants scored higher than 
24 on the Pain Catastrophising Scale (PCS) and higher than 7 on the Modified Somatic 
Perception Questionnaire (MSPQ).  Ethical approval was obtained from Unitec Research 
Ethics Committee and written informed consents were obtained from the participants prior to 
the data collection. 
Instrumentation 
Electromyographic data was collected using 20 mm diameter, self-adhesive foam electrodes, 
placed longitudinally over the muscle bellies with an inter-electrode distance of 2 cm.  The 
sites on the skin for electrode placement were identified and hairs, if any, were removed by 
using clippers.  Participants’ skin was abraded using abrasive tape (Red Dot, Trace Prep, 3M 
Corp., MN) and then cleansed with alcohol wipes.  Inter-electrode impedance below 5kΩ was 
considered acceptable.  Electrodes were placed bilaterally on the lumbar paraspinal muscles 
at the L4 level.  These electrodes were secured by using adhesive sticking plaster tapes.  
Before the tapes were applied, the participants were asked to bend forward midway to avoid 
excessive stretching (see Figure 1 A).  The participants were asked to make few more trunk 
flexion tasks to check the adherence of the leads and the sticking tape to the skin.  Electrodes 
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were placed over the biceps femoris by measuring 35% along a line from the ischial 
tuberosity to the lateral side of the popliteal cavity, and over the semimembranosus and 
semitendinosus muscles by measuring 36% along a line from the ischial tuberosity to the 
medial side of the popliteal cavity as recommended by Rainoldi et al. [2004].  Reference 
electrodes were placed over the left and right lateral malleoli and left lateral epicondyle (see 
Figure 1 B). 
     
A 
     
B 
Figure 1:  A (bending position while placing lumbar electrodes and securing them with 
sticking tape) and B (lumbar and hamstring electrodes in place and overall set up) 
 
Surface electromyography (SEMG) signals were detected with the differential method using 
an Octal Bio Amp (ML138; ADInstruments Pty Ltd., NSW.) with an input impedance of 200 
MΩ.  Data were sampled and processed at 2 kHz (16-bit) using the PowerLab® (ML785) 
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data acquisition unit and LabChart 7® software (ADInstruments Pty Ltd., NSW.) at a gain 
range 2mV with a common mode rejection ratio >85dB typical (at 60Hz) and signal to noise 
ratio of 66.11 dB.  Data were band-pass filtered between 30Hz (high-pass Finite Infinite 
Response (FIR) filter with a half-amplitude frequency of 30Hz and transition width of 23Hz) 
and 500Hz (low-pass FIR filter with a half-amplitude frequency of 500Hz and transition 
width of 100Hz).  Visual spectrum analysis (1-sec epoch Fast Fourier Transformation) 
revealed a consistent spike at 50Hz uncharacteristic of muscle activity, therefore a 50Hz 
second-order notch filter with 32 dB attenuation was employed to filter noise artefact. 
 
A 35 cm high wooden stool (see Figure 2) was provided for 
standing during flexion-extension tasks.  A metal ruler was 
attached at the front of the stool.  A magnet was secured on a 
wooden stick.  The participants were asked to slid the 
magnet down and up on the ruler during the flexion-
extension tasks. 
 
Figure 2:  Stool, ruler, and magnet set-up 
Procedure 
Participants performed the trunk flexion, relaxation and extension tasks during Pre-pain, Pain 
free-ROM, Pain matched-ROM, and Post-pain conditions.  In each condition, the participants 
completed four trials of flexion-extension tasks.  Participants were familiarised with the task 
and performed several warm-up repetitions.  The range of flexion achieved was measured 
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with every repetition, and data collection started once the participant’s flexion range 
plateaued (defined as three consecutive measures within 1 cm and without progression). 
 
The flexion-relaxation task comprised of four phases (see Figure 3).  Participants started by 
standing quietly with arms relaxed and holding the magnet for 3 sec (Phase 0; not analysed) 
(see Figure 2 A).  They then flexed forwards as far as comfortable (Phase 1) (see Figure 2 B).  
Forward flexion was paced such that terminal flexion was achieved over 3 sec of dynamic 
flexion.  Participants were instructed to achieve a point of flexion where they could “let their 
body hang”.  Participants arms reached downwards and they were instructed to contact the 
marker (magnet stick) with their fingertips.  The relaxed position was held for 3 sec (Phase 2) 
(see Figure 2 C), and the task was completed with a 3 sec extension movement back to 
standing (Phase 3) (see Figure 2 B).  Four repetitions were completed for all conditions with 
the last three being taken for further analysis. 
    
A 
         
B 
   
C 
Figure 3:  Different phases of flexion-extension tasks.  A = Standing (Phase 0).  B = 
Flexion (Phase 1) and Extension (Phase 3).  C = Full flexion (Phase 2) 
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Following the flexion-relaxation task for the Pre-pain condition, participants received a 1.5ml 
bolus of 5% NaCl to each lumbar ES muscle, immediately between the two SEMG electrodes 
and at a depth of 2cm.  Participants were asked to report their perceived pain intensity out of 
a maximum of 10, and repeated the flexion-relaxation tasks.  The task was repeated again 2 
min after the participant reported pain at 0/10. 
 
The researcher recorded the level on the ruler at which the participants slid down the magnet 
in every trial.  An average of the four of these readings was calculated and was used as a 
measure of a Pain matched-ROM (condition 3).  During the Pain free-ROM (condition 2), the 
participants were blindfolded so as to avoid a visual signal to their ability to bend forward.  
An average of the ROM was also calculated for Pain free-ROM condition.  In the Pain 
matched-ROM condition, the magnet was placed at the average height derived from the ROM 
readings during the Pre-pain condition.  The blindfold was removed and the participants were 
encouraged to reach the magnet (stick) with tips of their thumbs even when their pain was 
restricting the ROM.   
Data analysis 
Average values were obtained for the last three trials (of four) for each muscle.  ERR ratios 
were calculated from the same three trials.  Paired t-tests were conducted to compare left and 
right muscle activity for each condition and each phase. No significant differences (all p-
values > 0.24) were found for any combination; therefore left and right muscles were 
averaged for analysis.  All data were analysed using repeated-measures ANOVAs.  Post-hoc 
pair-wise analyses were conducted with Bonferroni correction for family-wise errors to 
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further explore significant findings.  Normality was tested by visual histogram inspection and 
the Shapiro-Wilk test. 
 
Mauchley’s tests for sphericity were conducted and degrees of freedom were corrected using 
Greenhouse-Geisser estimates of sphericity where assumptions were violated.  All statistical 
calculations were conducted using IBM SPSS Statistics (v22 IBM Corp., NY).  Statistical 
significance was set at P<0.05.  Unless otherwise stated, values are reported as mean 
(standard deviation). 
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Results 
Table 1:  Lumbar ES muscle activity (mean (SD) RMS µV) during the flexion-relaxation task 
 Pre-pain Pain free-ROM Pain matched-ROM P-value 
Phase 1 33.21 (19.66) 32.21 (18.76) 31.86 (16.78) 0.62 
Phase 2 5.25 (2.22) 9.73 (9.36) 4.8 (1.7) 0.047 
Phase 3 84.64 (40.27) 58.32 (30.03) 57.68 (30.80) <0.001 
Reach 365.93 (89.00) 351.93 (80.53) 365.93 (89.00) 0.62 
ERR 19.16 (9.64) 9.14 (6.73) 13.11 (6.35) 0.001 
Notes:  P-values were derived from repeated measures ANOVA. 
Phase 1 = forward flexion; phase 2 = relaxation (full flexion); and phase 3 = extension. 
Values are the mean (SD) RMS activity of three trials.  Left and right sides were 
averaged. 
 
The results show that there was a significant main effect of pain condition during Phase 2, F 
(1.04, 18.79) = 4.44, P = 0.047 and Phase 3, F (1.22, 21.94) = 67.54, P < 0.001.  Post-hoc 
pairwise tests failed to show statistical significance between pain conditions for Phase 1 (all P 
= 1) and for Phase 2 (all P-values ≥ 0.118).  For Phase 3, a significant pairwise difference 
was found between Pre-pain and Pain free-ROM conditions, and between Pre-pain and Pain 
matched-ROM conditions (both P-values < 0.001); however no significant difference was 
observed between Pain free-ROM and Pain matched-ROM conditions (P = 1).  Similarly, a 
significance between Pre-pain and Pain free-ROM (P = 0.003), and between Pre-pain and 
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Pain matched-ROM conditions (P = 0.001) was found for the ERR, with no significance 
being observed between Pain free-ROM and Pain matched-ROM conditions (P = 0.13).  
Reach was not affected by pain condition (P =0.62). 
Table 2:  Biceps Femoris muscle activity (mean (SD) RMS µV) during the flexion-relaxation 
task 
 Pre-pain Pain free-ROM Pain matched-ROM P-value 
Phase 1 30.35 (13.85) 32.93 (11.18) 33.08 (15.31) 0.34 
Phase 2 16.88 (13.38) 14.70 (12.05) 13.93 (11.50) <0.001 
Phase 3 59.16 (21.33) 61.64 (23.13) 59.50 (24.73) 0.52 
ERR 5.58 (3.28) 6.36 (3.21) 6.64 (4.18) 0.16 
 
The results show that there was a significant main effect of pain condition on phase 2, F 
(1.43, 25.76) = 10.91, P = 0.001.  However this effect was not supported by a significant 
difference in FR, F (1.61, 28.89) = 1.97, (P=0.16).  In Phase 2, significant pairwise 
differences were found between Pre-pain and Pain free-ROM conditions (P=0.037), and 
between conditions Pre-pain and Pain matched-ROM (P=0.002); however no significant 
difference was observed between Pain free-ROM and Pain matched-ROM conditions 
(P=0.233).  No significant pairwise differences were found in Phase 1 and Phase 2.  No 
significant pairwise differences in the ERR were noted. 
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Table 3:  Medial hamstring muscles activity (mean (SD) RMS µV) during the flexion-
relaxation task 
 Pre-pain Pain free-ROM Pain matched-ROM P-value 
Phase 1 39.36 (21.70) 42.97 (24.92) 39.69 (19.17) 0.20 
Phase 2 11.65 (11.89) 10.82 (12.83) 9.69 (10.81) 0.18 
Phase 3 67.70 (36.52) 72.03 (38.32) 63.45 (36.83) 0.025 
ERR 12.70 (10.73) 14.10 (12.87) 14.13 (13.43) 0.194 
 
A significant main effect of pain condition was observed for the medial hamstring muscles 
during Phase 3 F (1.48, 26.62) = 3.92, P = 0.043.  However this effect was not supported by a 
significant difference in FR, F (1.92, 34.58) = 1.72, P = 0.194.  A significant pairwise 
difference was found in Phase 2 between Pre-pain and Pain matched-ROM conditions (P = 
0.029); however no significant difference was observed between Pre-pain and Pain free-ROM 
conditions (P = 1), and between Pain free-ROM and Pain matched-ROM conditions (P = 
0.590). 
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Discussion 
The aim of this study was to investigate if the hamstrings ERR was affected by the 
experimental LBP as has been reported in studies of people with clinical low back pain 
[Mannion, 2008].  The results of this study indicate that the hamstrings ERR is not affected 
by experimental LBP.  Although some changes in individual movement phases were 
observed (Phase 2 for biceps femoris and Phase 3 for medial hamstrings – refer to Table 2 
and Table 3 respectively), these were inconsistent between muscles and phases, and 
amounted to a small, but statistically insignificant reduction in the calculated ERR. 
 
Results of this study contrast those of reports where patients with back pain present with 
reduced hamstrings ERR when compared with healthy volunteers [Kim and Yoo, 2013; 
Mannion, 2008].  There are several explanations for the differences observed. 
 
Patients may adopt postural-protective mechanisms, whereby they simply do not flex to the 
amount required to evoke muscular relaxation.  Indeed pain, and even the threat of pain, has 
been found to reduce volitional ROM [Hodges et al., 2003; Zedka et al., 1999].  Interestingly, 
in the present study, experimental pain did not result in a reduction of volitional forward 
flexion as previously reported [Zedka et al., 1999].  While the pain stimulus was sufficient, as 
evidenced by a reduced ES ERR (refer Table 1) and a mean pain rating of 6.6/10 (SD = 1.5), 
this did not cause a reduction in forward flexion reach in our participants.  Perhaps a longer 
rest period between pre-pain and pain conditions, or a simple wash-out task, was required to 
facilitate detectable changes in reach.  Perhaps if a reduced reach was observed, a reduced 
hamstring ERR would have also been observed.  While the correlation between flexion angle 
and lumbar relaxation is well established, similar research has yet to be conducted on the 
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hamstring muscles.  The results from the present study cannot address these issues.  
However, our results indicate that in the absence of changes in reach, and in conditions of 
experimental pain, the ERR of the hamstring muscles remains mostly unaffected.  
Additionally the pain adaptations that occur with experimental pain may not be widespread to 
neighbouring or distant muscles as suggested before by [Hodges, 2011]. 
 
Some researchers have observed that hamstring and lumbar ES muscles activity differed in 
different sub-groups of LBP individuals [Kim et al., 2013].  It may thus be necessary to sub-
group individuals with LBP.  It is possible that the pain experienced by patients with clinical 
pain leads to changes not emulated by experimental pain.  However, current understanding is 
that experimental pain by way of hypertonic saline produces similar, if not identical changes, 
in muscle activity [Arendt-Nielsen et al., 1996].  Indeed, the change observed in the ES ERR 
supports this.  It could be argued that the patients and healthy controls in the previous studies 
were simply different people with different muscle activation characteristics.  However, 
statistically, the chances of these observations are extremely unlikely. 
 
Our study has supported previous research showing significantly higher values of ERR in the 
lumbar ES in a pain-free condition compared to LBP [Ambroz et al., 2000; Lalanne et al., 
2009; Mak et al., 2010; Sihvonen et al., 1991; Watson et al., 1997].  In our study, 
experimental LBP did not reduce the lumbopelvic ROM significantly and thus does not 
support previous research [Arendt-Nielsen et al., 1996; Hodges et al., 2003; Zedka et al., 
1999].  In this study we did not measure actual trunk flexion but measured differences in 
trunk flexion prior to and after experimental pain via finger-to-floor distance.  The finger-to-
floor distance tests have shown high validity and reliability [Perret et al., 2001]. 
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To describe effects of pain on motor control, many mechanisms have been proposed such as 
cortical inhibition and delayed central transmission [Hodges and Moseley, 2003]; 
psychological factors such as attention, stress, and fear to motor control [Jones and Cale, 
1997; van Galen and van Huygevoort, 2000; Weinberg and Hunt, 1976]; and reflex 
inhibition.  There is evidence that pain can affect or lead to motor control alteration and vice 
versa [Nelson-Wong et al., 2012; Panjabi, 1992] or both mechanisms may work concurrently 
[Hodges and Moseley, 2003]. 
Recommendations 
A longer rest period between pre-pain and the other pain conditions or a wash-out activity 
such as walking may be needed to incur change in ROM after experimental pain.  Use of 
digitally controlled NaCl infusion may be used to maintain the desired pain levels for a 
longer period of time.  Alternatively, inducing experimental pain nearer to the hamstring 
muscles may be needed.  Warm up trunk flexion-extension tasks in this study can be 
compared with cyclic flexion.  Although cyclic flexion has been shown to alter lumbar ES 
muscle activity [Olson et al., 2004, its influence on hamstring muscles should be explored.   
As differences in the activity of hamstring and lumbar ES muscles have been observed in 
LBP sub-groups, sub-grouping of participants may be necessary during such investigations.  
It may be interesting to look at the hamstring activity in participants who indeed showed 
reduced trunk flexion.  There is also a need of establishing correlation between flexion angle 
and hamstring muscles activity and a need to establish normative data of ERR values for 
lumbar ES and hamstring muscles. 
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Limitations 
Although the majority of the participants could comfortably touch their toes with their thumb 
tips, the separate movement of lumbar segments or hip joint was not measured or isolated.  
Results of isolating either lumbar segments or hip joint during trunk flexion might change the 
motor activity in the hamstring muscles. 
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Conclusion 
Lumbar FRP is a well known phenomenon in the literature.  On the other hand, hamstring 
FRP has been inconsistently observed.  Inconsistencies in hamstring FRP studies can be due 
to between-subjects design and behavioural confounds which fail to distinguish the 
neurophysiological effects from the behavioural changes secondary to pain.  The present 
study examined the effect of experimental pain on hamstrings ERR when range and velocity 
of the trunk flexion was controlled.  The general conclusion drawn from the results of this 
study indicate that the experimental LBP does not seem to alter hamstring ERR.  This could 
be due to less widespread pain adaptations in the neighbouring or distant muscles.  It is also 
possible that unchanged hamstring ERR was the result of unchanged lumbar ROM as 
previous research has shown the intrinsic relationship of ROM and FRP.  Although the 
experimental pain did not affect lumbar flexion it altered the lumbar ERR as previously 
shown.  More widespread motor pain adaptations may be investigated with the experimental 
design.  Additionally measuring and controlling lumbar and hip components of the trunk 
flexion or sub-grouping of participants may help to understand hamstring muscle activity 
more clearly. 
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Appendix A – Recruitment advertising poster 
Do you want to volunteer in our research on hamstring muscles at Unitec New Zealand? 
 
 
 
 
 
 
What we want?  We want some volunteers to take part in a study that looks at behaviour of hamstring 
muscles during some simple forward bending movements 
Who would benefits from this research:  People with low back pain [This research may help 
interpreting clinical observations and implementing strategies for people with low back pain] 
What will we measure?  We will be measuring activity in your back and hamstring muscles before 
and after inducing experimental pain 
What is expected of you?  Bend forward few times before and after experimental pain 
What you may experience?  A temporary, short lasting, experimental pain in your back muscles 
induced by saline injections (sterile salty water) 
Who will be involved in research?  Principal researcher and supervisor; a doctor (for injections) 
How much time you will spend?  One session of 45 minutes’ duration 
Where are you expected to come for research?  The research will be conducted in Clinic 41 at Unitec 
Mt. Albert campus 
If you fit the criteria below, you may be eligible to participate in this research project 
 Age between 18 and 55 years 
 Have no orthopaedic or neurological disorders and have no chronic pain in back or legs 
 Have no history of major accidents to back or legs 
 Have no diagnosis of haemophilia or clotting disorders 
 Are a New Zealand citizen or resident 
If you are interested to participate or want to know more about research, please feel free to contact 
Principal researcher:  Gajanan Deshmukh (Cell:  021 0254 6969); deshmukh.gajanan19@gmail.com 
 
This study has been reviewed and approved by Unitec Research Ethics Committee 
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Appendix B – Information sheet for the participants 
  
 
RESEARCH INFORMATION FOR PARTICIPANTS 
Exploring hamstrings flexion-relaxation phenomenon in experimental low 
back pain 
You are invited to participate in our research investigation. Please read carefully through this 
information sheet before you make a decision about volunteering. 
Researcher 
My name is Gajanan Deshmukh and I am a Master of Osteopathy student at Unitec New Zealand. As 
part of this programme I am conducting a research project. 
Purpose of the study 
Previous research indicates that back muscles display altered activation patterns in conditions of low 
back pain, and there is some emerging evidence that this altered pattern also occurs in the hamstring 
muscles, however this has not been sufficiently explored. As the hamstring muscles play a central role 
in controlling the pelvis which in turn affects the lumbar spine, the hamstring muscles are an 
important consideration for low back pain. 
To explore how the activity of the hamstrings changes with pain we must use an experimental pain 
model. That is, we are inviting participants to attend one session where a small amount of pain 
(described below) will be evoked in the low back muscles, and we will measure (also detailed below) 
the muscle activity of the low back and hamstring muscles, and amount of forward flexion, during a 
simple forward-bending task. However before the actual data collection, you will be required to attend 
one 15-20 minute session in which we will measure muscle activity in your hamstring muscles only. 
This is a screening session to check how your hamstrings relax during forward-bending task. The 
results of the screening will help us to decide if you are an appropriate candidate for our study. After 
assessing the screening data, you will be informed if you are eligible to participate in our study. 
Results from this study will help clinicians interpret assessment observations and may assist in the 
design of management programmes for low back pain. 
What the study involves  
If you volunteer to take part in this experiment, your age, height and weight will be recorded initially. 
You will then be asked to expose your low back and hamstring muscles (back of your thigh) to enable 
application of the recording equipment. We may need to shave (using a single-use disposable razor) a 
2-3cm square of skin for each electrode site if there is body hair that would interfere with the 
electrode placement.  Skin overlying the muscles will be lightly abraded with abrasive strips and 
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The forward flexion task 
involves bending as far 
forward as you can to a 
point where you can relax 
and comfortably let your 
body ‘hang’ 
Looking from the back. 
Electrodes will be placed 
over ES and H sites (both 
left and right), and 
hypertonic saline will be 
injected at ES 
cleansed with alcohol wipes. This may cause a mild stinging sensation. Pairs of self-adhesive 
electrodes (like round stamp-sized stickers) will then be placed on the skin over the low back and 
hamstring muscles and may be secured with adhesive medical tape. These electrodes connect to a 
laptop which records information about the activity of the underlying muscle. Recording muscle 
activity is completely painless. A goniometer (an instrument to measure movement of joint) will be 
secured with tape on the side of your pelvis to measure the exact degree 
of flexion and extension of the hip joint. Participants will then be directed 
through a simple forward-bending movement procedure while muscle 
activity is recorded. Participants will then have 1.5 ml injection of 
hypertonic saline (i.e. sterile salty water) into the muscles of the low back 
(detailed below) on each side which will produce a dull muscle pain 
sensation, and asked to repeat the forward flexion movement a few more 
times. 
Taking part in this study will require you to attend 1 session (after the 
screening session) at the Osteopathic Clinic at Unitec Institute of 
Technology on Carrington road. This session will last approximately 60 
minutes. 
About the experimental pain 
Experimental pain can be expected to produce an intensity of 
approximately 5 or 6/10 and last for about 5 minutes. The perceptual 
characteristics are most commonly described as ‘aching’, ‘cramping’, and 
‘dull’. It’s often likened to sore muscles after vigorous exercise. 
“Adverse reactions are extremely rare and may consist of infection (as 
associated with any needle injection; risk will be managed by following 
World Health Organization (WHO) infection control practices), bruising 
or an undesirable level of pain. Excessive pain may be alleviated quickly 
by stretching and contracting the painful area. If you would like us to 
contact your GP prior to your participation, please provide their contact 
details below:   
_______________________________________________ 
For immediate and after-hour concerns, you may contact an A&E clinic. 
The most local clinics that are open 24 hours are Ascot White Cross, 
contact number 520 9555 and Henderson White Cross, contact number 
836 3336. The injections for inducing experimental pain will be 
performed by Ilya Chemeris (a registered Osteopath and a medical 
doctor). Participants will be observed for up to 30 minutes following the 
injection, or until pain has completely subsided. 
If required, counselling services are available at Unitec, Mt. Albert 
campus for all Maori and non-Maori Unitec students and staff.  Contact 
number:  815 4321, extension 7248. Maori consultation services are also 
available (Hare Paniora, Phone 815 2934) 
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Your voluntary participation 
Your participation in this study is entirely voluntary and you may withdraw at any time during the 
practical procedures. Data collected from your involvement in the study may be withdrawn up until 1 
week following data collection. 
Who may participate? 
You are eligible to participate if you: 
 Are aged between 18 and 55 years of age. 
 Are willing and able to give informed written consent. 
 
Unfortunately you are unable to participate if you: 
 Have orthopaedic, neurological, muscular or other disorders involving the low back or leg (e.g. 
low back pain, leg pain, pins/needles) 
 Use pain medications on the day of testing 
 Have limited lumbar flexion because of unusually shortened hamstring muscles (assessed on first 
visit) 
 Have a diagnosis of haemophilia or other clotting disorders 
 Have an allergy to latex products 
 Have unusually high scores on questionnaires relating to feelings towards pain (PCS and MSPQ), 
as evaluated on first visit 
Please inform the researcher if any of the above pertains to you. 
What we do with the data and results, and how we protect your privacy. 
Personal information is collected and stored under the guidelines provided by the Privacy Act 1993 
and the Health Information Privacy Code 1994. For information collection your identity will remain 
anonymous and you will simply have an identification number. If the information you provide is 
reported or published, this will be done in a way that does not identify you as its source. All the data 
recorded will be stored in a password-locked computer and archived in a locked file room and will be 
stored for a minimum of 10 years. Access to this data will be limited to the principle researcher, the 
research supervisor, and yourself. This research project is not sponsored by any commercial company.  
This research project is part of Master of Osteopathy Programme. 
Compensation for Adverse Reactions 
Compensation may be available in the unlikely event of injury of negligence. As this procedure can be 
defined as a treatment, you may be eligible for compensation for treatment injury as described under 
Accident Compensation Act, 2001. Should you incur a physical injury as a result of your participation 
in this study, you may be covered by ACC under the Injury Prevention, Rehabilitation and 
Compensation Act 2002. You may or may not be entitled to ACC compensation, depending on 
several factors such as whether or not you are an earner. ACC will usually cover a proportion of 
income lost due to a physical injury, this does not cover mental injury unless as a direct result from a 
physical injury. ACC cover may affect your right to sue. Please contact your nearest ACC office for 
further information (0800 735 566) or visit their website: www.acc.co.nz 
A summary of the final report will be available to you if you are interested. 
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Please contact me if you require further information about the study. 
Principal investigator 
Gajanan Deshmukh 
Phone: 021 0254 6969 
Email: deshmukh.gajanan19@gmail.com 
 
Supervisor 
Jamie Mannion 
Phone: 021 0629007 
Email: jmannion@unitec.ac.nz 
 
This study has been approved by the Unitec Research Ethics Committee from (05/07/2013) to 
(05/07/2014). If you have any complaints or reservations about the ethical conduct of this research, 
you may contact the Committee through the UREC Secretary (Ph: 09 815 4321 ext.7254). Any issues 
you raise will be treated in confidence and investigated fully, and you will be informed of the 
outcome. 
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Appendix C – Consent form 
Consent form 
Exploring hamstrings flexion-relaxation phenomenon in experimental low back pain 
I have read the Information Sheet about this study.  I have read and understood the information sheet 
given to me.  I have had the opportunity to discuss any queries or concerns regarding this project with 
Gajanan Deshmukh and am satisfied with explanations given. 
I understand that that taking part in this project is my choice.  I don't have to be part of this if I don't 
want to and I understand that I may withdraw from this study at any time up to two weeks after the 
data collection is completed.  I also understand that withdrawing from the study will not affect my 
access to any services provided by Clinic 41, the Department of Osteopathy, or Unitec, New Zealand.  
However, I understand that following withdrawal, my data may be used and disclosed as necessary to 
protect the study integrity. 
I understand that anything I say and write will be kept completely confidential and that the only 
persons who will know what I have said or written will be the researcher (Gajanan Deshmukh) and 
the supervisors.  I understand that data collection will involve the provision of medical details.  I 
understand that participation in this research project will involve injections of hypertonic saline which 
is designed to cause acute, short lasting pain, and I understand that I have had the characteristic pain 
profile described to me, and the steps that I can take if I experience excessive symptoms. 
I understand that all the information that I give will be stored securely on a computer at Unitec for a 
period of 10 years and that any information reported will not identify me in any way.  I give 
permission for the data from this study to be retained and combined with other future studies provided 
that my identity remains anonymous. 
I understand that I can withdraw my data from the project up to 2 weeks following data collection. 
I understand that a friend or whanau member may accompany me to the sessions to ask questions. 
I understand that I can see the finished research document. 
 
I have had time to consider everything and I give my consent to be a part of this study. 
I know whom to contact if I have any questions or concerns about this project.  I know how to contact 
if I experience any side effects from this study. 
Please indicate if you wish to receive a copy of the results:  YES   NO   
Thank you for participating in this research. 
The principle researcher is Gajanan Deshmukh 
deshmukh.gajanan19@gmail.com 
Cell:  021 0254 6969 
Participant’s Name:  _________________________________________________ 
Participant’s signature:  ______________________________ Date:  ___________________ 
Project explained by:  ______________________________________________________ 
Signature:  _____________________________________ Date:  ______________________ 
79 
 
Appendix D – Ethics approval 
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Appendix E – Pain Catastrophising Scale 
Pain Catastrophising Scale 
 
Everyone experiences painful situations at some point in their lives.  Such experiences may include 
headaches, tooth pain, joint or muscle pain.  People are often exposed to situations that may cause 
pain such as illness, injury, dental procedures or surgery. 
We are interested in the types of thoughts and feeling that you have when you are in pain.  Listed 
below are thirteen statements describing different thoughts and feelings that may be associated with 
pain.  Using the scale, please indicate the degree to which you have these thoughts and feelings when 
you are experiencing pain. 
 Not at 
all 
To a 
slight 
degree 
To a 
moderate 
degree 
To a 
great 
degree 
All the 
time 
I worry all the time about whether the pain will end 0 1 2 3 4 
I feel I can’t go on 0 1 2 3 4 
It’s terrible and I think it’s never going to get any 
better 
0 1 2 3 4 
It’s awful and I feel that it overwhelms me 0 1 2 3 4 
I feel I can’t stand it anymore 0 1 2 3 4 
I become afraid that the pain will get worse 0 1 2 3 4 
I keep thinking of other painful events 0 1 2 3 4 
I anxiously want the pain to go away 0 1 2 3 4 
I can’t seem to keep it out of my mind 0 1 2 3 4 
I keep thinking about how much it hurts 0 1 2 3 4 
I keep thinking about how badly I want the pain to 
stop 
0 1 2 3 4 
There’s nothing I can do to reduce the intensity of 
the pain 
0 1 2 3 4 
I wonder whether something serious may happen 0 1 2 3 4 
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Appendix F – Modified Somatic Perception Questionnaire 
Modified Somatic Perception Questionnaire (MSPQ) 
Main, C., Wood, P., Hillis, S., et al. (1992) 
Please describe how you have felt during the PAST WEEK by marking a check mark in the 
appropriate box.  Please answer all questions.  Do not think too long before answering. 
 Not at all A little, 
slightly 
A great deal, 
quite a bit 
Extremely, could 
not have been 
worse 
Heart rate increase     
Feeling hot all over     
Sweating all over     
Sweating in a particular part 
of the body 
    
Pounding in head     
Dizziness     
Blurring of vision     
Feeling faint     
Everything appearing unreal     
Nausea     
Butterflies in stomach     
Pain or ache in stomach     
Stomach churning     
Desire to pass water     
Mouth becoming dry     
Difficulty swallowing     
Muscles in neck aching     
Legs feeling weak     
Muscles twitching and 
jumping 
    
Tense feeling across forehead     
Tense feeling in jaw muscles     
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Appendix G – Numerical Pain Scale 
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Appendix H – SPSS work sheet 
 
General Linear 
Model 
  
   Notes 
Output Created 25-JUN-2014 13:34:39 
Comments   
Input Data 
C:\Users\jmannion\Dropbox\Unitec\Students\GJ\D
ata\repeated measures.sav 
Active Dataset DataSet2 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in 
Working Data 
File 
19 
Missing Value 
Handling 
Definition of 
Missing 
User-defined missing values are treated as missing. 
Cases Used Statistics are based on all cases with valid data for 
all variables in the model. 
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Syntax 
GLM c1_p1_ES c2_p1_ES c3_p1_ES c1_p1_LH 
c2_p1_LH c3_p1_LH c1_p1_MH c2_p1_MH 
c3_p1_MH c1_p2_ES c2_p2_ES c3_p2_ES 
c1_p2_LH c2_p2_LH c3_p2_LH c1_p2_MH 
c2_p2_MH c3_p2_MH c1_p3_ES c2_p3_ES 
c3_p3_ES c1_p3_LH c2_p3_LH c3_p3_LH 
c1_p3_MH c2_p3_MH c3_p3_MH c1_p3_ESFR 
c2_p3_ESFR c3_p3_ESFR c1_p3_LHFR 
c2_p3_LHFR c3_p3_LHFR c1_p3_MHFR 
c2_p3_MHFR c3_p3_MHFR 
  /WSFACTOR=Condition 3 Polynomial 
  /MEASURE=p1_ES P1_LH P1_MH P2_ES 
P2_LH P2_MH P3_ES P3_LH P3_MH ES_FR 
LH_FR MH_FR 
  /METHOD=SSTYPE(3) 
  /EMMEANS=TABLES(Condition) COMPARE 
ADJ(BONFERRONI) 
  /PRINT=DESCRIPTIVE HOMOGENEITY 
  /CRITERIA=ALPHA(.05) 
  /WSDESIGN=Condition. 
Resources Processor 
Time 
00:00:00.09 
Elapsed Time 00:00:00.14 
   Warnings 
  The 
HOMOGENEITY 
specification in the 
PRINT subcommand 
will be ignored 
because there are no 
between-subjects 
factors. 
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Within-Subjects Factors 
Measure Dependent Variable 
p1_ES 1 c1_p1_ES 
2 c2_p1_ES 
3 c3_p1_ES 
P1_LH 1 c1_p1_LH 
2 c2_p1_LH 
3 c3_p1_LH 
P1_MH 1 c1_p1_MH 
2 c2_p1_MH 
3 c3_p1_MH 
P2_ES 1 c1_p2_ES 
2 c2_p2_ES 
3 c3_p2_ES 
P2_LH 1 c1_p2_LH 
2 c2_p2_LH 
3 c3_p2_LH 
P2_MH 1 c1_p2_MH 
2 c2_p2_MH 
3 c3_p2_MH 
P3_ES 1 c1_p3_ES 
2 c2_p3_ES 
3 c3_p3_ES 
P3_LH 1 c1_p3_LH 
2 c2_p3_LH 
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3 c3_p3_LH 
P3_MH 1 c1_p3_MH 
2 c2_p3_MH 
3 c3_p3_MH 
ES_FR 1 c1_p3_ESFR 
2 c2_p3_ESFR 
3 c3_p3_ESFR 
LH_FR 1 c1_p3_LHFR 
2 c2_p3_LHFR 
3 c3_p3_LHFR 
MH_FR 1 c1_p3_MHFR 
2 c2_p3_MHFR 
3 c3_p3_MHFR 
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Descriptive Statistics 
  Mean Std. Deviation N 
c1_p1_ES 33.20585519505 19.662009035668 19 
c2_p1_ES 32.20879078663 18.755223894865 19 
c3_p1_ES 31.8525939932 16.77557982822 19 
c1_p1_LH 30.3503468284 13.85014401205 19 
c2_p1_LH 32.9327205168 11.17995144670 19 
c3_p1_LH 33.0785504247 15.30715908630 19 
c1_p1_MH 39.3563907353 21.69658421583 19 
c2_p1_MH 42.9714760453 24.91839619467 19 
c3_p1_MH 39.6948183416 19.16760578646 19 
c1_p2_ES 5.25232603621 2.220034676904 19 
c2_p2_ES 9.72513716321 9.335985594084 19 
c3_p2_ES 4.79530423537 1.700058687766 19 
c1_p2_LH 16.88210467363 13.379289495007 19 
c2_p2_LH 14.69888008474 12.049002152485 19 
c3_p2_LH 13.93381285937 11.496866360891 19 
c1_p2_MH 11.65088815089 11.885668708182 19 
c2_p2_MH 10.82067749089 12.827799363105 19 
c3_p2_MH 9.69010975316 10.805824980759 19 
c1_p3_ES 84.6402112479 40.27331007021 19 
c2_p3_ES 58.3200320847 30.03040601702 19 
c3_p3_ES 57.6776029353 30.80101927386 19 
c1_p3_LH 59.1632562626 21.32638473245 19 
c2_p3_LH 61.6390543316 23.12638395797 19 
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c3_p3_LH 59.5036131079 24.72871325285 19 
c1_p3_MH 67.6970658853 36.51780437978 19 
c2_p3_MH 72.0348009153 38.32105849195 19 
c3_p3_MH 63.4505160005 36.83041870766 19 
c1_p3_ESFR 19.15752887500 9.638255093245 19 
c2_p3_ESFR 9.13598133026 6.729080792384 19 
c3_p3_ESFR 13.10890889279 6.350554806908 19 
c1_p3_LHFR 5.58266462168 3.275321731440 19 
c2_p3_LHFR 6.36498488347 3.207490344346 19 
c3_p3_LHFR 6.63568838884 4.183023244905 19 
c1_p3_MHFR 12.69562600421 10.732311488488 19 
c2_p3_MHFR 14.09657223989 12.870746605330 19 
c3_p3_MHFR 14.13023292216 13.426424207418 19 
 
89 
 
 
Multivariate Tests
a
 
Effect Value F 
Hypothesis 
df 
Error 
df Sig. 
Between 
Subjects 
Intercept Pillai's Trace .991 62.430
b
 12.000 7.000 .000 
Wilks' 
Lambda 
.009 62.430
b
 12.000 7.000 .000 
Hotelling's 
Trace 
107.022 62.430
b
 12.000 7.000 .000 
Roy's 
Largest Root 
107.022 62.430
b
 12.000 7.000 .000 
Within 
Subjects 
Condition Pillai's Trace .
c
         
Wilks' 
Lambda 
.
c
         
Hotelling's 
Trace 
.
c
         
Roy's 
Largest Root 
.
c
         
a. Design: Intercept  
 Within Subjects Design: Condition 
b. Exact statistic 
c. Cannot produce multivariate test statistics because of insufficient residual degrees of 
freedom. 
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Mauchly's Test of Sphericity
a
 
Within Subjects 
Effect 
Mauchly's 
W 
Approx
. Chi-
Square df Sig. 
Epsilon
b
 
Greenhouse
-Geisser 
Huynh
-Feldt 
Lower-
bound 
Conditio
n 
p1_ES .550 10.159 2 .006 .690 .728 .500 
P1_LH .816 3.462 2 .177 .844 .922 .500 
P1_MH .768 4.483 2 .106 .812 .881 .500 
P2_ES .084 42.047 2 .000 .522 .526 .500 
P2_LH .603 8.611 2 .013 .716 .760 .500 
P2_MH .314 19.714 2 .000 .593 .611 .500 
P3_ES .359 17.416 2 .000 .609 .630 .500 
P3_LH .979 .356 2 .837 .980 1.000 .500 
P3_MH .648 7.387 2 .025 .739 .790 .500 
ES_FR .546 10.289 2 .006 .688 .726 .500 
LH_FR .754 4.807 2 .090 .802 .869 .500 
MH_F
R 
.959 .714 2 .700 .960 1.000 .500 
Tests the null hypothesis that the error covariance matrix of the orthonormalized 
transformed dependent variables is proportional to an identity matrix. 
a. Design: Intercept  
 Within Subjects Design: Condition 
b. May be used to adjust the degrees of freedom for the averaged tests of significance. 
Corrected tests are displayed in the Tests of Within-Subjects Effects table. 
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Tests of 
Within-
Subjects 
Effects 
      
       Multivariate
a,b
 
Within Subjects Effect Value F 
Hypothesis 
df 
Error 
df Sig. 
Condition Pillai's Trace 1.429 5.426 24.000 52.000 .000 
Wilks' 
Lambda 
.068 5.878
c
 24.000 50.000 .000 
Hotelling's 
Trace 
6.334 6.334 24.000 48.000 .000 
Roy's Largest 
Root 
4.829 10.463
d
 12.000 26.000 .000 
a. Design: Intercept  
 Within Subjects Design: Condition 
b. Tests are based on averaged variables. 
c. Exact statistic 
d. The statistic is an upper bound on F that yields a lower bound on the 
significance level. 
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Univariate Tests 
Source 
Type III 
Sum of 
Squares df 
Mean 
Square F Sig. 
Condition p1_ES Sphericity 
Assumed 
18.698 2 9.349 .372 .692 
Greenhouse-
Geisser 
18.698 1.379 13.555 .372 .616 
Huynh-Feldt 18.698 1.457 12.837 .372 .627 
Lower-
bound 
18.698 1.000 18.698 .372 .550 
P1_LH Sphericity 
Assumed 
89.509 2 44.755 1.119 .338 
Greenhouse-
Geisser 
89.509 1.689 53.002 1.119 .331 
Huynh-Feldt 89.509 1.845 48.526 1.119 .335 
Lower-
bound 
89.509 1.000 89.509 1.119 .304 
P1_MH Sphericity 
Assumed 
151.492 2 75.746 1.687 .199 
Greenhouse-
Geisser 
151.492 1.624 93.303 1.687 .206 
Huynh-Feldt 151.492 1.762 85.995 1.687 .203 
Lower-
bound 
151.492 1.000 151.492 1.687 .210 
P2_ES Sphericity 
Assumed 
281.948 2 140.974 4.442 .019 
Greenhouse-
Geisser 
281.948 1.044 270.064 4.442 .047 
Huynh-Feldt 281.948 1.052 268.036 4.442 .047 
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Lower-
bound 
281.948 1.000 281.948 4.442 .049 
P2_LH Sphericity 
Assumed 
88.947 2 44.473 10.907 .000 
Greenhouse-
Geisser 
88.947 1.431 62.148 10.907 .001 
Huynh-Feldt 88.947 1.520 58.498 10.907 .001 
Lower-
bound 
88.947 1.000 88.947 10.907 .004 
P2_MH Sphericity 
Assumed 
36.810 2 18.405 1.966 .155 
Greenhouse-
Geisser 
36.810 1.186 31.038 1.966 .175 
Huynh-Feldt 36.810 1.221 30.143 1.966 .174 
Lower-
bound 
36.810 1.000 36.810 1.966 .178 
P3_ES Sphericity 
Assumed 
8994.263 2 4497.13 67.540 .000 
Greenhouse-
Geisser 
8994.263 1.219 7379.84 67.540 .000 
Huynh-Feldt 8994.263 1.261 7134.22 67.540 .000 
Lower-
bound 
8994.263 1.000 8994.26 67.540 .000 
P3_LH Sphericity 
Assumed 
68.435 2 34.218 .664 .521 
Greenhouse-
Geisser 
68.435 1.959 34.927 .664 .518 
Huynh-Feldt 68.435 2.000 34.218 .664 .521 
Lower-
bound 
68.435 1.000 68.435 .664 .426 
P3_MH Sphericity 
Assumed 
700.081 2 350.040 3.923 .029 
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Greenhouse-
Geisser 
700.081 1.479 473.404 3.923 .043 
Huynh-Feldt 700.081 1.580 443.188 3.923 .040 
Lower-
bound 
700.081 1.000 700.081 3.923 .063 
ES_FR Sphericity 
Assumed 
967.742 2 483.871 13.004 .000 
Greenhouse-
Geisser 
967.742 1.375 703.571 13.004 .001 
Huynh-Feldt 967.742 1.452 666.623 13.004 .000 
Lower-
bound 
967.742 1.000 967.742 13.004 .002 
LH_FR Sphericity 
Assumed 
11.363 2 5.682 1.966 .155 
Greenhouse-
Geisser 
11.363 1.605 7.081 1.966 .165 
Huynh-Feldt 11.363 1.738 6.539 1.966 .162 
Lower-
bound 
11.363 1.000 11.363 1.966 .178 
MH_FR Sphericity 
Assumed 
25.472 2 12.736 1.717 .194 
Greenhouse-
Geisser 
25.472 1.921 13.260 1.717 .196 
Huynh-Feldt 25.472 2.000 12.736 1.717 .194 
Lower-
bound 
25.472 1.000 25.472 1.717 .207 
Error(Condition) p1_ES Sphericity 
Assumed 
905.921 36 25.164     
Greenhouse-
Geisser 
905.921 24.830 36.485     
Huynh-Feldt 905.921 26.219 34.553     
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Lower-
bound 
905.921 18.000 50.329     
P1_LH Sphericity 
Assumed 
1439.869 36 39.996     
Greenhouse-
Geisser 
1439.869 30.398 47.367     
Huynh-Feldt 1439.869 33.202 43.366     
Lower-
bound 
1439.869 18.000 79.993     
P1_MH Sphericity 
Assumed 
1616.409 36 44.900     
Greenhouse-
Geisser 
1616.409 29.226 55.308     
Huynh-Feldt 1616.409 31.710 50.975     
Lower-
bound 
1616.409 18.000 89.800     
P2_ES Sphericity 
Assumed 
1142.645 36 31.740     
Greenhouse-
Geisser 
1142.645 18.792 60.805     
Huynh-Feldt 1142.645 18.934 60.348     
Lower-
bound 
1142.645 18.000 63.480     
P2_LH Sphericity 
Assumed 
146.793 36 4.078     
Greenhouse-
Geisser 
146.793 25.762 5.698     
Huynh-Feldt 146.793 27.369 5.363     
Lower-
bound 
146.793 18.000 8.155     
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P2_MH Sphericity 
Assumed 
337.068 36 9.363     
Greenhouse-
Geisser 
337.068 21.347 15.790     
Huynh-Feldt 337.068 21.981 15.334     
Lower-
bound 
337.068 18.000 18.726     
P3_ES Sphericity 
Assumed 
2397.040 36 66.584     
Greenhouse-
Geisser 
2397.040 21.938 109.266     
Huynh-Feldt 2397.040 22.693 105.629     
Lower-
bound 
2397.040 18.000 133.169     
P3_LH Sphericity 
Assumed 
1854.454 36 51.513     
Greenhouse-
Geisser 
1854.454 35.269 52.580     
Huynh-Feldt 1854.454 36.000 51.513     
Lower-
bound 
1854.454 18.000 103.025     
P3_MH Sphericity 
Assumed 
3212.188 36 89.227     
Greenhouse-
Geisser 
3212.188 26.619 120.674     
Huynh-Feldt 3212.188 28.434 112.971     
Lower-
bound 
3212.188 18.000 178.455     
ES_FR Sphericity 
Assumed 
1339.515 36 37.209     
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Greenhouse-
Geisser 
1339.515 24.758 54.103     
Huynh-Feldt 1339.515 26.131 51.262     
Lower-
bound 
1339.515 18.000 74.417     
LH_FR Sphericity 
Assumed 
104.037 36 2.890     
Greenhouse-
Geisser 
104.037 28.885 3.602     
Huynh-Feldt 104.037 31.279 3.326     
Lower-
bound 
104.037 18.000 5.780     
MH_FR Sphericity 
Assumed 
267.090 36 7.419     
Greenhouse-
Geisser 
267.090 34.578 7.724     
Huynh-Feldt 267.090 36.000 7.419     
Lower-
bound 
267.090 18.000 14.838     
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Tests of Within-Subjects Contrasts 
Source 
Type III 
Sum of 
Squares df 
Mean 
Square F Sig. 
Condition p1_ES Linear 17.398 1 17.398 .473 .500 
Quadratic 1.301 1 1.301 .096 .761 
P1_LH Linear 70.709 1 70.709 3.090 .096 
Quadratic 18.800 1 18.800 .329 .573 
P1_MH Linear 1.088 1 1.088 .045 .834 
Quadratic 150.404 1 150.404 2.285 .148 
P2_ES Linear 1.984 1 1.984 1.450 .244 
Quadratic 279.964 1 279.964 4.507 .048 
P2_LH Linear 82.578 1 82.578 17.341 .001 
Quadratic 6.369 1 6.369 1.877 .188 
P2_MH Linear 36.524 1 36.524 8.411 .010 
Quadratic .286 1 .286 .020 .889 
P3_ES Linear 6906.331 1 6906.331 80.556 .000 
Quadratic 2087.932 1 2087.932 44.016 .000 
P3_LH Linear 1.101 1 1.101 .025 .876 
Quadratic 67.335 1 67.335 1.145 .299 
P3_MH Linear 171.315 1 171.315 4.591 .046 
Quadratic 528.766 1 528.766 3.746 .069 
ES_FR Linear 347.565 1 347.565 18.246 .000 
Quadratic 620.177 1 620.177 11.201 .004 
LH_FR Linear 10.534 1 10.534 5.393 .032 
Quadratic .829 1 .829 .217 .647 
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MH_FR Linear 19.552 1 19.552 3.049 .098 
Quadratic 5.920 1 5.920 .703 .413 
Error(Condition) p1_ES Linear 661.491 18 36.750     
Quadratic 244.430 18 13.579     
P1_LH Linear 411.872 18 22.882     
Quadratic 1027.997 18 57.111     
P1_MH Linear 431.802 18 23.989     
Quadratic 1184.607 18 65.812     
P2_ES Linear 24.625 18 1.368     
Quadratic 1118.021 18 62.112     
P2_LH Linear 85.716 18 4.762     
Quadratic 61.078 18 3.393     
P2_MH Linear 78.164 18 4.342     
Quadratic 258.903 18 14.384     
P3_ES Linear 1543.205 18 85.734     
Quadratic 853.836 18 47.435     
P3_LH Linear 796.029 18 44.224     
Quadratic 1058.425 18 58.801     
P3_MH Linear 671.719 18 37.318     
Quadratic 2540.469 18 141.137     
ES_FR Linear 342.872 18 19.048     
Quadratic 996.642 18 55.369     
LH_FR Linear 35.161 18 1.953     
Quadratic 68.876 18 3.826     
MH_FR Linear 115.439 18 6.413     
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Quadratic 151.651 18 8.425     
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Tests of Between-Subjects Effects 
Transformed 
Variable:  
Average 
     
Source 
Type III 
Sum of 
Squares df 
Mean 
Square F Sig. 
Intercept p1_ES 59919.134 1 59919.134 61.808 .000 
P1_LH 58808.555 1 58808.555 124.823 .000 
P1_MH 94300.393 1 94300.393 68.869 .000 
P2_ES 2476.095 1 2476.095 78.608 .000 
P2_LH 13120.113 1 13120.113 29.272 .000 
P2_MH 6551.031 1 6551.031 16.221 .001 
P3_ES 254951.787 1 254951.787 76.349 .000 
P3_LH 205898.099 1 205898.099 137.437 .000 
P3_MH 261459.511 1 261459.511 65.692 .000 
ES_FR 10856.349 1 10856.349 104.299 .000 
LH_FR 2187.156 1 2187.156 66.817 .000 
MH_FR 10606.087 1 10606.087 23.766 .000 
Error p1_ES 17449.995 18 969.444     
P1_LH 8480.416 18 471.134     
P1_MH 24646.767 18 1369.265     
P2_ES 566.984 18 31.499     
P2_LH 8067.719 18 448.207     
P2_MH 7269.506 18 403.861     
P3_ES 60107.376 18 3339.299     
P3_LH 26966.310 18 1498.128     
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P3_MH 71641.411 18 3980.078     
ES_FR 1873.594 18 104.089     
LH_FR 589.204 18 32.734     
MH_FR 8032.845 18 446.269     
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Estimated 
Marginal 
Means 
     
      
      Condition 
     
      Estimates 
Measure Mean 
Std. 
Error 
95% Confidence 
Interval 
Lower 
Bound 
Upper 
Bound 
p1_ES 1 33.206 4.511 23.729 42.683 
2 32.209 4.303 23.169 41.249 
3 31.853 3.849 23.767 39.938 
P1_LH 1 30.350 3.177 23.675 37.026 
2 32.933 2.565 27.544 38.321 
3 33.079 3.512 25.701 40.456 
P1_MH 1 39.356 4.978 28.899 49.814 
2 42.971 5.717 30.961 54.982 
3 39.695 4.397 30.456 48.933 
P2_ES 1 5.252 .509 4.182 6.322 
2 9.725 2.142 5.225 14.225 
3 4.795 .390 3.976 5.615 
P2_LH 1 16.882 3.069 10.433 23.331 
2 14.699 2.764 8.891 20.506 
3 13.934 2.638 8.393 19.475 
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P2_MH 1 11.651 2.727 5.922 17.380 
2 10.821 2.943 4.638 17.003 
3 9.690 2.479 4.482 14.898 
P3_ES 1 84.640 9.239 65.229 104.051 
2 58.320 6.889 43.846 72.794 
3 57.678 7.066 42.832 72.523 
P3_LH 1 59.163 4.893 48.884 69.442 
2 61.639 5.306 50.492 72.786 
3 59.504 5.673 47.585 71.422 
P3_MH 1 67.697 8.378 50.096 85.298 
2 72.035 8.791 53.565 90.505 
3 63.451 8.449 45.699 81.202 
ES_FR 1 19.158 2.211 14.512 23.803 
2 9.136 1.544 5.893 12.379 
3 13.109 1.457 10.048 16.170 
LH_FR 1 5.583 .751 4.004 7.161 
2 6.365 .736 4.819 7.911 
3 6.636 .960 4.620 8.652 
MH_FR 1 12.696 2.462 7.523 17.868 
2 14.097 2.953 7.893 20.300 
3 14.130 3.080 7.659 20.602 
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Pairwise Comparisons 
Measure 
Mean 
Difference 
(I-J) Std. Error Sig.
b
 
95% Confidence 
Interval for 
Difference
b
 
Lower 
Bound 
Upper 
Bound 
p1_ES 1 2 .997 1.777 1.000 -3.693 5.687 
3 1.353 1.967 1.000 -3.837 6.544 
2 1 -.997 1.777 1.000 -5.687 3.693 
3 .356 .959 1.000 -2.175 2.888 
3 1 -1.353 1.967 1.000 -6.544 3.837 
2 -.356 .959 1.000 -2.888 2.175 
P1_LH 1 2 -2.582 2.288 .822 -8.621 3.456 
3 -2.728 1.552 .287 -6.824 1.368 
2 1 2.582 2.288 .822 -3.456 8.621 
3 -.146 2.233 1.000 -6.039 5.747 
3 1 2.728 1.552 .287 -1.368 6.824 
2 .146 2.233 1.000 -5.747 6.039 
P1_MH 1 2 
-3.615 2.515 .503 
-
10.253 
3.023 
3 -.338 1.589 1.000 -4.532 3.855 
2 1 3.615 2.515 .503 -3.023 10.253 
3 3.277 2.308 .518 -2.815 9.368 
3 1 .338 1.589 1.000 -3.855 4.532 
2 -3.277 2.308 .518 -9.368 2.815 
P2_ES 1 2 
-4.473 2.227 .179 
-
10.350 
1.404 
106 
 
3 .457 .379 .732 -.544 1.459 
2 1 4.473 2.227 .179 -1.404 10.350 
3 4.930 2.218 .118 -.924 10.784 
3 1 -.457 .379 .732 -1.459 .544 
2 
-4.930 2.218 .118 
-
10.784 
.924 
P2_LH 1 2 2.183
*
 .787 .037 .107 4.260 
3 2.948
*
 .708 .002 1.080 4.817 
2 1 -2.183
*
 .787 .037 -4.260 -.107 
3 .765 .409 .233 -.314 1.845 
3 1 -2.948
*
 .708 .002 -4.817 -1.080 
2 -.765 .409 .233 -1.845 .314 
P2_MH 1 2 .830 1.337 1.000 -2.700 4.360 
3 1.961
*
 .676 .029 .176 3.745 
2 1 -.830 1.337 1.000 -4.360 2.700 
3 1.131 .843 .590 -1.094 3.356 
3 1 -1.961
*
 .676 .029 -3.745 -.176 
2 -1.131 .843 .590 -3.356 1.094 
P3_ES 1 2 26.320
*
 3.246 .000 17.754 34.887 
3 26.963
*
 3.004 .000 19.034 34.891 
2 1 
-26.320
*
 3.246 .000 
-
34.887 
-17.754 
3 .642 1.211 1.000 -2.553 3.837 
3 1 
-26.963
*
 3.004 .000 
-
34.891 
-19.034 
2 -.642 1.211 1.000 -3.837 2.553 
P3_LH 1 2 -2.476 2.384 .938 -8.766 3.815 
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3 -.340 2.158 1.000 -6.035 5.354 
2 1 2.476 2.384 .938 -3.815 8.766 
3 2.135 2.435 1.000 -4.292 8.563 
3 1 .340 2.158 1.000 -5.354 6.035 
2 -2.135 2.435 1.000 -8.563 4.292 
P3_MH 1 2 
-4.338 3.617 .738 
-
13.885 
5.209 
3 4.247 1.982 .138 -.984 9.477 
2 1 4.338 3.617 .738 -5.209 13.885 
3 8.584 3.341 .058 -.233 17.402 
3 1 -4.247 1.982 .138 -9.477 .984 
2 
-8.584 3.341 .058 
-
17.402 
.233 
ES_FR 1 2 10.022
*
 2.539 .003 3.320 16.723 
3 6.049
*
 1.416 .001 2.312 9.786 
2 1 
-10.022
*
 2.539 .003 
-
16.723 
-3.320 
3 -3.973 1.816 .126 -8.765 .819 
3 1 -6.049
*
 1.416 .001 -9.786 -2.312 
2 3.973 1.816 .126 -.819 8.765 
LH_FR 1 2 -.782 .504 .415 -2.114 .549 
3 -1.053 .453 .096 -2.250 .144 
2 1 .782 .504 .415 -.549 2.114 
3 -.271 .673 1.000 -2.046 1.505 
3 1 1.053 .453 .096 -.144 2.250 
2 .271 .673 1.000 -1.505 2.046 
MH_FR 1 2 -1.401 .967 .494 -3.954 1.152 
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3 -1.435 .822 .294 -3.603 .734 
2 1 1.401 .967 .494 -1.152 3.954 
3 -.034 .856 1.000 -2.291 2.224 
3 1 1.435 .822 .294 -.734 3.603 
2 .034 .856 1.000 -2.224 2.291 
Based on estimated marginal means 
*. The mean difference is significant at the .05 level. 
b. Adjustment for multiple comparisons: Bonferroni. 
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Multivariate Tests 
  Value F 
Hypothesis 
df Error df Sig. 
Pillai's 
trace 
.978 2.485
a
 18.000 1.000 .466 
Wilks' 
lambda 
.022 2.485
a
 18.000 1.000 .466 
Hotelling's 
trace 
44.721 2.485
a
 18.000 1.000 .466 
Roy's 
largest 
root 
44.721 2.485
a
 18.000 1.000 .466 
Each F tests the multivariate effect of Condition. These tests are 
based on the linearly independent pairwise comparisons among the 
estimated marginal means. 
a. Exact statistic 
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Appendix I – Guide for authors of Journal of 
Electromyography and Kinesiology 
 
The Journal of Electromyography and Kinesiology aims to provide a single, authoritative 
forum for the publication of original research and clinical studies on muscle contraction and 
human motion through combined or separate mechanical and electrical detection techniques. 
Some of the key topics covered include: control of movement; muscle and nerve properties; 
electrical stimulation; sports and exercise; rehabilitation; muscle fatigue; joint biomechanics; 
motion analysis; measures of human performance; neuromuscular diseases; physiological 
modelling; posture and movement. The Journal welcomes the submission of original papers, 
reviews and letters to the Editors. The Journal will also publish book reviews and a calendar 
of forthcoming events. Please note that, at the discretion of the Editor in Chief, some papers 
may be accepted for online publication only. 
 
Open Access  
This journal offers authors two choices to publish their research;  
1. Open Access  
• Articles are freely available to both subscribers and the wider public with permitted reuse 
• An Open Access publication fee is payable by authors or their research funder 
2. Subscription  
• Articles are made available to subscribers as well as developing countries and patient 
groups through our access programs (http://www.elsevier.com/access)  
• No Open Access publication fee 
 
All articles published Open Access will be immediately and permanently free for everyone to 
read and download. Permitted reuse is defined by your choice of one of the following 
Creative Commons user licenses: 
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Creative Commons Attribution-Non Commercial-ShareAlike (CC BY-NC-SA): for non-
commercial purposes, lets others distribute and copy the article, to create extracts, abstracts 
and other revised versions, adaptations or derivative works of or from an article (such as a 
translation), to include in a collective work (such as an anthology), to text and data mine the 
article, as long as they credit the author(s), do not represent the author as endorsing their 
adaptation of the article, do not modify the article in such a way as to damage the author's 
honor or reputation, and license their new adaptations or creations under identical terms (CC 
BY NC SA). 
Creative Commons Attribution-NonCommercial-NoDerivs (CC-BY-NC-ND): for non-
commercial purposes, lets others distribute and copy the article, and to include in a collective 
work (such as an anthology), as long as they credit the author(s) and provided they do not 
alter or modify the article. 
Creative Commons Attribution (CC-BY): available only for authors funded by organizations 
with which Elsevier has established an agreement. For a full list please see 
http://www.elsevier.com/fundingbodies 
Elsevier has established agreements with funding bodies. This ensures authors can comply 
with funding body Open Access requirements, including specific user licenses, such as CC-
BY. Some authors may also be reimbursed for associated publication fees. 
http://www.elsevier.com/fundingbodies 
To provide Open Access, this journal has a publication fee which needs to be met by the 
authors or their research funders for each article published Open Access. Your publication 
choice will have no effect on the peer review process or acceptance of submitted articles. The 
Open Access publication fee for this journal is $3000 USD, excluding taxes. 
 
Learn more about Elsevier's pricing policy http://www.elsevier.com/openaccesspricing 
 
PUBLICATION CONDITION 
A manuscript submitted to this journal can only be published if it (or a similar version) has 
not been published and will not be simultaneously submitted or published elsewhere. A 
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violation of this condition is considered as fraud, and will be answered by appropriate 
sanctions against all authors. Two manuscripts are considered similar if their subjects concern 
the same hypothesis, question or goal, addressed with the same scientific methodology. 
 
REFEREEING 
All contributions are read by two or morereferees to ensure both accuracy and relevance, and 
amendments to the script may thus berequired before final acceptance. On acceptance, 
contributions are subject to editorial amendmentto suit house style. 
 
AUTHORSHIP 
All authors should have made substantial contributions to all of the following: (1) the 
conception and design of the study, or acquisition of data, or analysis and interpretation of 
data, (2) drafting the article or revising it critically for important intellectual content, (3) final 
approval of the version to be submitted. 
 
CHANGES TO AUTHORSHIP 
This policy concerns the addition, deletion, or rearrangement of author names in the 
authorship of accepted manuscripts: 
Before the accepted manuscript is published in an online issue: Requests to add or remove an 
author, or to rearrange the author names, must be sent to the Journal Manager from the 
corresponding author of the accepted manuscript and must include: (a) the reason the name 
should be added or removed, or the author names rearranged and (b) written confirmation (e-
mail, fax, letter) from all authors that they agree with the addition, removal or rearrangement. 
In the case of addition or removal of authors, this includes confirmation from the author 
being added or removed. Requests that are not sent by the corresponding author will be 
forwarded by the Journal Manager to the corresponding author, who must follow the 
procedure as described above. Note that: (1) Journal Managers will inform the Journal 
Editors of any such requests and (2) publication of the accepted manuscript in an online issue 
is suspended until authorship has been agreed. 
113 
 
After the accepted manuscript is published in an online issue: Any requests to add, delete, or 
rearrange author names in an article published in an online issue will follow the same policies 
as noted above and result in a corrigendum. 
 
ACKNOWLEDGEMENT OF OTHER CONTRIBUTORS 
All contributors who do not meet the criteria for authorship as defined above should be listed 
in an acknowledgements section. Examples of those who might be acknowledged include a 
person who provided purely technical help, writing assistance, or a department chair who 
provided only general support. Authors should disclose whether they had any writing 
assistance and identify the entity that paid for this assistance. 
 
CONFLICT OF INTEREST 
"Conflict of interest statement" all authors must disclose any financial and personal 
relationships with other people or organisations that could inappropriately influence (bias) 
their work. Examples of potential conflicts of interest include employment, consultancies, 
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ROLE OF THE FUNDING SOURCE 
All sources of funding should be declared as an acknowledgement at the end of the text. 
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decision to submit the manuscript for publication. If the study sponsors had no such 
involvement, the authors should so state.  
 
PREPARATION OF SCRIPTS 
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All publications will be in English. Authors whose 'first' language is not English should 
arrange for their manuscripts to be written in idiomatic English before submission. Please 
also ensure that your manuscript has been thoroughly checked for errors prior to submission. 
 
Language Editing: International Science Editing and Asia Science Editing can provide 
English language and copyediting services to authors who want to publish in scientific, 
technical and medical journals and need assistance before they submit their article or, it is 
accepted for publication. Authors can contact these services directly: International Science 
Editing http://www.internationalscienceediting.com and Asia Science Editing 
http://www.asiascienceediting.com or, for more information about language editing 
services, please contact authorsupport@elsevier.com who will be happy to deal with any 
questions. 
 
Please note Elsevier neither endorses nor takes responsibility for any products, goods or 
services offered by outside vendors through our services or in any advertising. For more 
information please refer to our terms & conditions 
http://authors.elsevier.com/terms_and_conditions.html. 
 
You should have your contribution typed in double-line spacing, on one side only of A4 
paper. Do not underline anything and leave wide margins. Please also add line numbers to 
your submitted manuscript (e.g. 5, 10 , 15 etc.) and number every page. 
 
EMG data should be collected and presented according to the 'Standards for Reporting EMG 
Data' printed at the back of each issue of this journal. 
 
All authors should sign a cover note to acknowledge that they have read, and approve of, the 
content of the manuscript as submitted. 
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Authors are requested to submit their original manuscript and figures online via 
http://ees.elsevier.com/jek. This is the Elsevier web-based submission and review system. 
You will find full instructions located on this site. Please follow these guidelines to prepare 
and upload your article. Once the uploading is done, the system automatically creates an 
electronic pdf proof, which is then used for reviewing. All correspondence, including 
notification of the Editor's decision and requests for revisions, will be managed via this 
system.Paper copies and email submissions are also currently accepted. Please submit to: 
 
For the Americas, Europe, Africa and the Middle East:  
Professor M. Solomonow, Professor & Director, Bioengineering Division & Musculoskeletal 
Disorders Research Laboratory, University of Colorado Health Sciences Center, Mailstop 
8343, PO Box 6511, Aurora, CO., 80045, USA; Tel.: (303) 724-0383, Fax: (303) 724-0394  
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Professor T. Moritani, Laboratory of Applied Physiology, TheGraduate School of 
Environmental Studies, Kyoto University, Sakyo-ku, Kyoto 606, Japan; Tel: 81 75 753 6888, 
Fax: 81 75 753 6734 
No page charges are made to authors for material published. 
 
Arrangement of papers 
JEK now accepts original articles within a word limit of 5,000 words (including title page, 
abstract, text, references & figure legends). Reviews and special articles (keynote lectures or 
a Special issue articles) are exempted from this limit. 
 
You should arrange your contribution in the following order:  
116 
 
1. Title page including the article title, author(s), affiliation(s), keywords and one author 
identified for correspondence 
2. A 200 word abstract outlining the purpose, scope andconclusions of the paper 
3. The text, suitably divided under headings 
4. Acknowledgements (if any) 
5. References 
6. Tables (each on separate sheet) 
7. Captions to illustrations (grouped on a separate sheet or sheets) 
8. Illustrations, each on a separate sheet containing no text.  
All submissions should be accompanied by a declarationsigned by each author that the paper 
has not been previously published or submitted for consideration elsewhere. 
 
TEXT 
Subdivide your paper in the simplest way possible, consistent with clarity using the standard 
format of introduction, methods, results and discussion. 
 
TABLES 
Number tables consecutively throughout the paper (with Arabic numerals) referring to them 
in the text as Table 1, Table 2 etc. with a caption at the top of each table. Avoid the use of 
vertical rules. Tables should not duplicate results presented ingraphs. 
 
ILLUSTRATIONS 
All illustrations should be identified with the author's name and figure number marked in 
pencil. 
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Line illustrations 
Articles may be published more quickly if illustrations are supplied to the required standards, 
authors should not be deterred if they are unable to meet these standards as illustrations can 
be redrawn in-house. The originals must be supplied on separate sheets, with two 
photocopies. Illustrationswill be reduced in size photographically, typically to fit one or two 
columns of the journal and this should be borne in mind to ensure that lines and lettering 
remain clear when reduced. If you label the original illustrations do so in black ink using a 
suitable stencil. Lower case letters should be used throughout, with an initial capital letter for 
the first word only. If suitable stencils are unavailable label a photocopy, not the original 
illustrations, and our studio will complete the workto the correct standard. If your illustrations 
are computer-generated follow the lettering standards as above and supply the blackest 
possible laser printout. 
For full instructions on the electronic submission of artwork, please visit: 
http://ees.elsevier.com/jek.  
 
Graphs 
The minimum amount of descriptive text should be used on graphs and drawings (label 
curves, points, etc, with single-letter symbols). Descriptive matter should be placed in the 
figure caption. Scale grids should not be used in graphs, unless required for actual 
measurements. Graph axes should be labelled with variables written out in full, along the 
length of the axes, with the unit in parentheses (for example, Time(s)). A table is usually 
more satisfactory for recording data. 
 
Photographs 
Supply glossy, black and white, unmounted prints or 35 mmtransparencies, plus two 
photocopies. A scale, where appropriate, should be marked on the photographs or included in 
the caption.  
118 
 
 
Colour Illustrations 
If, together with your accepted article, you submit usable colour figures then Elsevier will 
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